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ROOT SPECIFIC PROTEIN INVOLVED IN AUXIN TRANSPORT 

BACKGROUND OF THE INVENTION 

The plant hormone auxin (indole-3-acetic acid (IAA), is involved in plant 
growth (cell division and cell expansion), morphogenesis ( e.g., the differentiation of 
5 vascular tissue and lateral or adventitious root formation) and physiological responses 
to the environment, such as phototropism and gravitropism. Plant tropisms, growth 
towards or away from a stimulus such as light or gravity, have been ascribed to 
asymmetric plant growth in which one side of a plant organ elongates to a greater 
extent than the other, resulting in a curvature toward or away from the stimulus 
1 0 (Darwin, C, et aL, (1 880) Power of movements in plants. John Murray, London; PofT 
et aL, (1994) The physiology of tropisms, In Arabidopsis, 639-664, eds. Meyerowitz, 
E. M., and Somerville, C.R., Cold Spring Harbor Laboratory Press). Root 
gravitropism (growth in a direction defined by gravity) can be demonstrated by 
manipulating plants so that they lie horizontal to the surface of the earth 
15 (gravistimulation) (Okada, K. and Y. Shimura (1992) Aust J. Plant Physiol 19: 439- 
448). Within a short time, the roots curve downward exhibiting a positive gravitropic 
growth response. Transport studies suggest that IAA is redistributed in response to 
gravity so that it accumulates along the lower side of the root tip (Young, L.M., et aL, 
(1990) Plant Physiol. 92: 792-796). Removal of the root tip abolishes gravitropism; 
and it is well established that polar auxin transport can be specifically inhibited by 
synthetic compounds, known as auxin transport inhibitors (Galwelier, L. et aL, (1998) 
Science 282: 2226-2230). Thus, redistribution of IAA in the root tip may be critical to 
gravitropism (Blancaflor, E.B., et aL, (1998) Plant Physiol. 116: 213-222). These 
observations are consistent with earlier views (the Cholodny-Went hypothesis, see 
Estelle, M., (1996) Curr Biol 6: 1589-91) which suggested that when roots are oriented 
horizontally (e.g., gravistimulated), IAA accumulates along the lower side of the 
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elongating zone, resulting in inhibition of cell elongation in those cells while those on 
top elongate, a process that eventuates in the downward bending of the root. 

It is well established that specialized auxin transport systems, comprising 
auxin influx and efflux activities, exist in several species of plants (Estelle, M., (1996) 
5 Curr Biol 6: 1589-91). IAA is thought to be polarly transported, from its point of 
synthesis in the plant shoot, down to the root (acropetal transport) tip via the vascular 
system, and then transported up from the root tip to the elongation zone (basipetal 
transport) where it probably localizes in the epidermis. This polarized cell to cell 
transport can be explained by the chemiosmotic hypothesis (Goldsmith, M.H.M., 

10 (1977) Ann. Rev. Plant Physiol 28: 439-478; Lomax, T.L., etal, (1995) InPlant 
Hormones, Physiology, Biochemistry and Molecular Biology, P.J. Davies, Ed. 
(Martinus, Nijhoff, Kluwer, Dordrecht, Boston, London, pp 509-530). This model 
posits that uncharged IAA in the acidic extracellular space enters a cell either by 
passive diffusion or facilitated transport. Upon entry into the relatively more basic 

1 5 cytosol, IAA dissociates to form IAA~. The transit of IAA" (auxin anion) out of a cell 
and into an adjoining cell is thought to depend on, and be regulated by, an efflux 
carrier protein (Lomax, T.L., et a/., (1995) In Plant Hormones, Kluwer Academic 
Publishers. Dordrecht, Boston, London; Jacobs, M. and S.F. Gilbert, (1983) Science. 
220: 1297-1300). Thus, gravitropism could result from the differential activity of an 

20 IAA efflux carrier in response to gravity. 

Support for the chemiosmotic hypothesis comes from the effects of auxin 
transport inhibitors such as 2,3,5-triiodobenzoic acid (TIBA) and N-l-naphtylphtalamic 
acid (NPA) (Thomson, K.-S., etal, (\973) Planta (Berl). 109: 337-352; Katekar, G.F. 
and A.E. Geissler, (1980) Plant Physiol 66: 1 190-1 195), which interfere with auxin 

25 efflux. (Sussman, M.R. and M.H.M. Goldsmith, (1981) Planta. 152: 13-18) Plants 

grown in the presence of TIBA or NPA are agravitropic (Mulkey, T.J. and M.L. Evans, 
(1 982) J. Plant Growth Regul 1: 259-265; Lee, J.S., et al. % (1984) Planta. 160: 536- 
543). Moreover, mutants with altered response to these auxin transport inhibitors have 
phenotypes consistent with the hypothesis that transport of auxin is critical for the 

30 gravitropic response. Mutants resistant to IAA have phenotypes that also support the 
involvement of IAA in gravitropism. Several auxin resistant mutants are agravitropic 
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(Estelle, M. and HJ. Klee, (1994) Arabidopsis Cold Spring Harbor Laboratory Press). 
Despite the connection between auxin transport inhibitors and gravitropism, the targets 
of these inhibitors and the molecules involved in directed auxin transport have not yet 
been identified. 

5 SUMMARY OF THE INVENTION 

Described herein is the isolation and characterization of a plant gene which 
encodes an auxin-transport-efflux carrier protein that is required for gravitropism. The 
disclosed protein and gene are targets for regulation of auxin transport in response to 
the hormones ethylene and auxin (including auxin analogues and auxin derivatives) and 
1 0 the inhibition of auxin transport mediated by synthetic transport inhibitors. Also 

described are uses of the gene and the encoded protein; mutant forms of the gene and 
the encoded protein; modified EIR1 nucleic acid molecules; assays which are useful 
for identifying and characterizing mutant forms of the gene (variant nucleic acid 
molecules; mutants or alleles) and the encoded protein; methods of altering auxin 
1 5 homeostasis in plant roots; methods of producing genetically engineered plants, such 
as crop plants and flowering plants, which show greater resistance to herbicides which 
are auxin derivatives or auxin analogues or formulations comprising an auxin transport 
inhibitor in combination with a second herbicide than is shown by the corresponding 
wild type plants; genetically engineered plants with greater resistance to herbicides; 
20 seeds, leaves and other plant tissues or parts obtained from such plants; and seeds from 
which plants with increased herbicide resistance can be produced. 

A specific embodiment of the present invention relates to a plant gene, referred 
to as EIR\ (for: Ethylene Insensitive Root) , and its encoded auxin transport (e.g., 
efflux) carrier protein, EIR1, which is required for gravitropism; assays useful for 
25 assessing EIR1 activity and determining structure/function relationships characteristic 
of mutagenized alleles of EIRJ; inhibitors and enhancers of EIR1 protein identified by 
the assays; methods of increasing transport of (efflux) auxin in plant roots by 
introducing EIR1 DNA into the root of a plant, directly or indirectly (e.g., by producing 
plants from seeds containing exogenous EIR1 DNA); methods of producing plants 
30 which exhibit greater resistance to herbicides (relative to the susceptibility exhibited by 
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the corresponding wild type plant) which are auxin derivatives or auxin analogues or 
formulations comprising an auxin transport inhibitor in combination with a second 
herbicide relative to the susceptibility that is exhibited by the corresponding wild type 
plants; genetically engineered (e.g., transgenic) plants in which the roots contain and 
5 express heterologous DNA, or a portion or fragment thereof which encodes a protein 
which is involved in auxin transport (e.g. EIR1 DNA. REH1 DNA) wherein the DNA 
is expressed in the roots as a functional root-specific auxin transport protein; and the 
transgenic plant exhibits greater resistance (or tolerance) to herbicides which are auxin 
derivatives or auxin analogues or compositions comprising an auxin transport 

10 inhibitor, than the sensitivity exhibited by the corresponding wild type plant; plant 
tissues or parts obtained from such plant tissues; and seeds from which plants with 
increased herbicide resistance can be produced. Also the subject of this invention are 
mutant eirl genes (mutant alleles), the encoded mutant protein and eirl mutant plants, 
in which the roots are agravitropic and have a reduced sensitivity to ethylene (relative 

15 to wild type plants). 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figures 1A - 1C are dose response curves of normalized root growth from wild 
type plants (black circle, Col-O; black square, Ws;) and eirl mutants (open circle, eirl- 
1\ open square, eirl -3) in the presence of 1-aminocyclopropane-l-carboxylic-acid 

20 (ACC; the immediate biosynthetic precursor of ethylene ), 2,3,5 triiodobenzoic acid 
(TIB A ;an inhibitor of auxin transport ), and napthaleneacetic acid (NAA; an auxin 
analogue). Root elongation determined at 12 days after germination (DAG) was 
normalized to root growth on unsupplemented medium (100%). Standard deviations 
are shown as bars; molarities used are indicated. 

25 Figure 2 is a schematic representation of an EcoRl fragment isolated from 

phage 

A.5-3. The bars indicate the 9 exons of EIRL Those segments presumed to be 
translated are black. Two mutations are indicated beneath the line: Insertion of Ac in 
eirl -3 after amino acid 133 and base substitution of the intron/exon junction in eirl-1. 
30 The grey bar above the line indicates the genomic fragment amplified by inverse PCR 
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as described herein.. Abbreviations for restriction sites are as follows: RI: EcoRl\ H: 
HinDVl; Ba: BamHI; X: Xbal\ B: Bell 

Figure 3 shows the alignment of the deduced amino acid sequences of EIRI 
(SEQ ID NO.: 1), the rice homologue REHI (SEQ ID NO.: 2) and the two putative 
5 Arabidopsis homologues AEH1 (SEQ ID NO.: 3) and AEH2 (SEQ ID NO.:4). For 
EIRI and REHI, ORFs of the cDNAs were deduced. The protein sequences oiAEHl 
and AEH2 were deduced from the genomic sequences by identifying canonical splice 
donor and acceptor sites. Identical residues are boxed and dashes indicate gaps in the 
sequence. Black lines correspond to the 10 potential transmembrane domains shared 
10 by all 4 proteins. Potential, conserved N-glycosylation sites are typed in bold letters. 
An arrow indicates the cleavage site of a potential N-terminal signal peptide found for 
EIR1, REH1 and AEH1. 

Figure 4 shows the alignment of the conserved - (top) EIRI, SEQ ID NO.:5; 
REHI, SEQ ID NO.:6 and C-terminal (bottom) EIRI, SEQ ID NO.: 25; REH1, SEQ ID 
15 NO: 26) protein transmembrane domains of EIRI and REHI with a number of selected 
bacterial transporters (mdcF, SEQ ID NO.: 7; HvM, SEQ ID NO.: 8; arsB, SEQ ID 
NO: 9; and sbmA, SEQ ID NO.: 10). Identical residues are boxed. The bold letters 
represent positions where exchanges are conservative (L, I, V, M; A, S, T; F, W , Y; N, 
Q; D, E; and K, R) and shared by EIRI and at least two other sequences. Dashes 
20 indicate gaps in the alignment. 

Figure 5 is the nucleotide sequence of EIRI genomic DNA (SEQ ID NO.: 11), 
including the promoter. 

Figure 6 is the nucleotide sequence of EIRI cDNA (SEQ ID NO.: 12) (GenBank 
accession number AF056026). 
25 Figure 7 is the amino acid sequence of EIRI protein (SEQ ID NO.: 1). 

Figure 8 is the nucleotide sequence of the rice homologue {REHI) cDNA (SEQ ID 
NO.: 13) (GenBank accession number AF056027). 

Figure 9 is the amino acid sequence of the rice homologue (REHI) protein (SEQ ID 
NO. 2). 

30 Figures 10 A and 10 B are graphs demonstrating auxin transport activity in yeast 

strains gefl and gefl EIRL The graphs summarize the amount (in percent) of 14 C-IAA 
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remaining in yeast cell samples taken at different points from cells maintained under 
various assay conditions. The amount of total radioactivity incorporated by the cells 
was determined in a sample of cells prior to their introduction into the assay. Bars 
indicate standard deviations derived from 3 parallel samples. Each experiment was 
5 performed at least four times. Figure 10 A shows a lack of auxin transport in gefl cells 
assayed in the presence of an external carbon source (2% glucose) in the efflux buffer. 
Figure 10 B shows the results of an assay performed in the absence of an external 
carbon source; auxin transport under these conditions depends exclusively on the pre- 
established membrane potential Fig. 10 B {gefl; gefl EIR1) demonstrates that the 

10 expression oiEIRl in gefl yeast results in the retention of about 10 to about 20 
percent less ,4 C-IAA within the cells. The gefl + CCCP and gefl EIR1 + CCCP 1 
data (Fig. 10B) demonstrate that the inclusion of the protonophore CCCP in the efflux 
buffer eliminates auxin transport activity. 

Figures 1 1 A and 1 1 B are graphs comparing the growth of yeast cells expressing 

15 either wild type EIR1 or one of three Ser97 negative alleles of EIR1 . The conserved 
amino acid Ser97 of EIR1 was replaced with another amino acid residue, thereby 
producing three mutants: EIR1-S97G; EIR1-S97A and EIR1-S97E. Figure 1 1 A 
shows the growth curve of gefl transformed with either EIR1 or one of the Ser97 
mutants in Synthetic Complete medium (SC) . Figure 1 1 B shows the growth curve of 

20 either EIR1 or one of the Ser97 mutants in SC supplemented with 200nM 5-fluoro- 
indole. 

DETAILED DESCRIPTION OF THE INVENTION 

Described herein is the isolation and characterization of EIR1, a plant gene whose 
function is required for gravitropism. Genetic and physiological analyses of the EIR1 

25 gene and eirl mutants (eirl-1 , wav6-52 and eirl-3) support a role for EIR1 

involvement in root-specific auxin transport (efflux). Furthermore, the data provided 
herein indicate that EIR1 protein, which functions as a root-specific auxin efflux 
carrier, is a target for the regulation of auxin transport. These findings provide 
molecular evidence for the critical role of auxin transport in gravitropism and provide 

30 important targets and reagents useful for elucidating the role of gene expression in 
gravitropic signal transduction and the molecular mechanism of polar auxin transport. 
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The present invention relates to an isolated root-specific protein involved in auxin 
transport, isolated nucleic acid (e.g., DNA, RNA), for example, DNA encoding the 
protein, mutants of the DNA and altered forms of the encoded root-specific protein, 
and uses for the proteins and encoding DNA. In a particular embodiment, root-specific 
5 DNA designated EIR1 and modified EIR1 nucleic acids have been isolated and 

characterized. The EIR1 protein is required for gravitropism and is involved in root- 
specific auxin transport. In addition, data presented herein supports the role of the 
EIR1 protein, which functions as an efflux carrier, as a target for regulation of auxin 
transport by ethylene and synthetic transport inhibitors. Genomic EIR1 DNA and EIR1 
10 cDNA nucleotide sequences and the encoded EIR1 protein (amino acid) sequence are 
presented, as are the nucleotide sequence and amino acid sequences of a rice 
homologue, designated REH1 ( for: Rice EIR1 Homologue) and REH1, respectively. 

As used herein, the term "DNA encoding a root-specific protein involved in auxin 
transport" encompasses such DNA from any and all plant types (e.g., mustard plants, 
15 corn, rice, wheat and other grains or grasses, other crop plants, flowering plants). 

Isolated DNA which is the subject of the invention encodes a protein which is involved 
in root-specific transport, such as EIR1 -protein encoding DNA. For example, DNA 
encoding a protein involved in root-specific auxin transport includes: (a) the 
sequences presented herein (SEQ ID NOS.: 1 1-13) and portions of any of those 
20 sequences, provided that they encode a functional root-specific auxin transport carrier 
protein; (b) DNA which, due to degeneracy of the genetic code, encodes EIR1 protein 
of the present invention (e.g., EIR1 protein having the amino acid sequence of SEQ ID 
NOS.: 1, 2, 5 or 6); (c) DNA which hybridizes under high stringency conditions to the 
complement of any DNA of (a) or (b) and; (d) DNA which is from Arabidopsis or 
25 from a plant species other than Arabidopsis which is sufficiently similar in sequence to 
DNA of (a), (b) or (c) to encode a root-specific protein involved in auxin transport (e.g., 
as demonstrated by the assay described herein). Homologous DNA can be identified 
by substantial nucleic acid sequence homology to an EIR1 nucleic acid. For example, 
homologous DNA can be identified based upon overall nucleic acid sequence 
30 homology with the EIR1 DNA sequence disclosed herein, allowing for the degeneracy 
of the genetic code and codon bias in different species of plants, and on the requirement 
that homologous sequences encode a functional root-specific auxin transport (efflux) 
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carrier protein. For example, the overall homology of the nucleotide sequence is 
preferably greater than about 40%, preferably greater than 60% , still more preferably 
greater than about 80% and most preferably greater than 90% homologous. Thus, the 
invention also comprises the use of the disclosed nucleic acid sequences, or portions 
5 thereof, as probes and primers for the identification and isolation of homologous 
sequences from other species of plants. 

DNA of the present invention also includes coding or noncoding DNA which is the 
complement of any of the DNA of (a) - (d) and portions (or fragments) thereof which 
are of sufficient length (e.g., at least four to six nucleotides) to hybridize to 

10 complementary DNA and remain hybridized (e.g., in order that hybridization can be 
detected, such as for diagnostic or assay purposes). Such fragments also include those 
which hybridize to characteristic portions of the DNA of the present invention (e.g., to 
a characteristic portion of DNA of SEQ ID NOS.: 11, 12 or 13). The complement of 
DNA encoding a root-specific protein of the present invention is also a subject of this 

15 invention. For example, DNA complementary to all or a portion of EIR1 protein 
encoding DNA, such as DNA of SEQ ID NO.l 1 or SEQ ID NO. 12, is the subject of 
this invention. Such complementary DNA is useful as probes and primers, for 
example, in hybridization and amplification (e.g., PCR) reactions. 
As used herein, the term "modified EIR1 nucleic acid" refers to a variant EIR1 

20 nucleic acid molecule which includes addition, substitution, insertion or deletion of one 
or more nucleotide(s), thereby producing a modified nucleotide sequence. As used 
herein, the term "nucleic acid" encompasses DNA (genomic and cDNA), UNA and 
analogues (e.g., comprising base analogues such as inosine) thereof. The "modified 
EIR1 nucleic acid" can embody either a naturally occurring allelic variant or a 

25 synthetically produced sequence. For example, the disclosed naturally occurring (e.g., 
wild type) nucleic acid isolated from Arabidopsis thaliana can be used as a precursor 
nucleic acid molecule which can be modified by standard techniques that are well- 
known to those of skill in the art to produce a synthetic variant. For example, site- 
directed mutagenesis or cassette-mutagenesis can be used to substitute one or more 

30 nucleotides. 

Promoters and other regulatory sequences (e.g., cis acting elements and/or 
transcriptional enhancers) of DNA encoding a root-specific auxin transport protein are 



V 
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also the subject of this invention, as are their use in vectors and expression systems 
designed to direct the tissue-preferential transcription of foreign (e.g., heterologous) 
genes operably linked thereto, in the roots of plants. 
The isolate nucleic acid which is the subject of the invention can be obtained from a 
5 plant as it occurs in nature, or can be produced by synthetic (e.g., chemical) methods or 
recombinant methods. Also included herein are mutant genes, such as the mutant gene 
designated eirl-3 which is present in an agravitropic mutation. This mutated gene and 
the agravitropic mutation are useful to study the pathway of which EIR1 is a 
component. 

10 The isolated root-specific proteins involved in auxin transport and allelic variants 
thereof which are the subject of the invention include the encoded protein products of 
the DNA sequences disclosed herein and functional portions and fragments thereof. In 
particular embodiments the invention comprises proteins having the amino acid 
sequence comprising SEQ ID NOS.: 1 and 2. 

15 Genetically engineered plants (e.g., transgenic, transformed plants expressing 
heterologous DNA episomally, transiently, or stably integrated into plant nuclear 
DNA), plant tissues and seeds characterized by an increased resistance (or tolerance) 
to the effects of herbicides which are auxin derivatives, auxin analogues, or an 
herbicidal formulation comprising at least one auxin transport inhibitor applied in 

20 combination with at least one additional herbicide, relative to the corresponding wild 
type plants are also the subject of this invention. More specifically, the invention 
relates to plants, plant tissues , and seeds which are resistant to growth inhibition by an 
herbicide (which is an auxin derivative or an auxin analogue), or an herbicidal 
composition (which includes an auxin, analogue derivative, auxin analogue or auxin 

25 transport inhibitor), at concentrations which normally inhibit the growth of those plants, 
plant tissues or seeds. In one embodiment, the present invention relates to a method of 
producing a transgenic plant characterized by altered auxin homeostasis. The method 
comprises introducing DNA encoding a root-specific auxin transport carrier protein 
into a plant cell under conditions in which the DNA is expressed, thereby producing a 

30 transformed plant cell; and producing a transgenic plant from the resulting transformed 
cell. Transgenic (genetically engineered) plants can be produced using DNA described 
herein and methods known to those of skill in the art. For example, DNA encoding a 
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root-specific auxin transport protein can be introduced into plants or plant tissues (e.g., 
roots) or seeds by transformation (e.g., transfection or transduction) using Ti plasmids, 
Ri plasmids, plant virus vectors, direct DNA transformation, microinjection, protoplast 
fusion, electroporation or bombardment (e.g., microprojectile bombardment) with 
5 nucleic acid-coated particles. 

As used herein, the term "herbicide" refers to compounds which combat or control 
undesired plant growth. The term "auxin transport inhibitor" refers to compounds 
which act by inhibiting the transmembrane movement (e.g., transport) of auxin which 
accumulates in cells as a result of polar auxin transport and affects plant growth. Thus, 

10 as used herein, auxin transport inhibitors are themselves herbicides. The observation 
that auxin transport inhibitors are usually highly active herbicides is consistent with this 
usage. As used herein, the terms "resistance" and "tolerance" refer to the sensitivity of 
a plant to the toxic effects of an herbicide, such that a genetically engineered plant, 
whose genome comprises a nucleotide sequence encoding a root-specific heterologous 

1 5 auxin transport carrier protein is resistant to an herbicide. Genetically engineered 
plants (transgenic plants) of the present invention include, but are not limited to, 
vascular plants, including gymnosperms and agronomically important plant crops, such 
as rice, wheat, barley, rye, corn, soybeans, canola, sunflower, sorghum, sugarcane, 
fruits (oranges, grapefruit, lemons, limes, apples, pears, melons, plums, cherries, 

20 peaches, apricots, strawberries, grapes, raspberries, pineapples, bananas), vegetables 
(potatoes, carrots, sweet potatoes, beans, peas, lettuce, cabbage, cauliflower, broccoli, 
turnip, radishes, spinach, onions, garlic, peppers, pumpkins) and angiosperms or 
flowering plants, both monocots and dicots. 
In one embodiment, plants with greater resistance are genetically engineered plants 

25 whose root cells comprise heterologous DNA which encodes a protein involved in 

auxin transport (e.g., EIR1 DNA, REH1 DNA) which is expressed as a functional root- 
specific auxin transport (e.g., efflux) protein. The corresponding wild type plant 
differs from the genetically engineered plant in that the wild type plant has not been 
altered to comprise the heterologous DNA present in the genetically engineered plant. 

30 In one embodiment, the heterologous DNA which encodes an auxin specific efflux 
carrier protein is constitutively expressed in a tissue-specific (e.g., root tissue) fashion 
and the expression trait and resulting phenotype is stably transmitted (sexually and 
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somatically) to progeny cells. In a second embodiment, the invention comprises 
transgenic plants, the cells of which comprise heterologous DNA stably integrated into 
the plant nuclear DNA. In an alternative embodiment, the expression of the 
heterologous DNA encoding an auxin specific efflux carrier is inducible, 
5 In a second embodiment transgenic plants characterized by an altered auxin 

homeostasis exhibit a distinctive phenotype, attributed to increased auxin efflux, such 
as an increased number of lateral or adventitious roots. Such plants may also be further 
characterized by an increased auxin transport rate relative to the auxin transport rate of 
a corresponding wild type plant. 

10 As used herein, the term "heterologous DNA" means DNA isolated from a source 
other than the plant, or plant cell, in which it is expressed (e.g., from a source other 
than the cell into which it is introduced or in which it is present as a result of having 
been introduced into a precursor cell, such as seeds or plant tissue from which a plant 
develops or seeds or plant tissue obtained from a genetically engineered plant). The 

1 5 heterologous DNA can be from the same plant type (e.g., Arabidopsis DNA introduced 
into Arabidopsis) or from a different plant type (e.g., Arabidopsis DNA introduced into 
corn, wheat, rice or other plant type, rice DNA introduced into com, wheat or other 
plant type). Heterologous DNA can be used, for example, to avoid or reduce the 
silencing or inactivation to which the endogenous gene or its encoded protein (e.g., 

20 post-translational modification) can be subjected. As a result of the presence and 
expression of heterologous DNA encoding a root-specific auxin transport protein in 
roots of a genetically engineered plant, auxin transport (efflux) is enhanced and the 
plant exhibits enhanced resistance to auxin derivatives auxin analogues or formulations 
comprising an auxin transport inhibitor in combination with a second herbicide. For 

25 example, plants (e.g., crop plants, flowering plants, gymnosperms) which are 

genetically engineered to include or are produced from seeds, plant tissues, or plant 
parts which include EIR1 or REH1 DNA can be produced to provide genetically 
engineered plants with enhanced herbicide resistance. Plant part is meant to include 
any portion of a plant from which a regenerated plant can be produced. 

30 Plants which show increased auxin transport and/or enhanced root tissue growth 
and/or differentiation (compared to the corresponding wild type plants) resulting from 
altered auxin homeostasis are also the subject of this invention. More specifically, the 
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invention also comprises genetically engineered plants comprising a heterologous DNA 
sequence encoding a root-specific protein involved in auxin transport, wherein the 
genetically engineered plant exhibits a distinctive phenotype, relative to the phenotype 
of an isogenic plant which does not comprise a heterologous DNA encoding a protein 
5 involved in root-specific auxin transport, attributed to the effects of altered auxin 
homeostasis. For example, transgenic plants characterized by a phenotype comprising 
an increased number of lateral or adventitious roots. 

Also described are alleles of EIR1, in which the conserved residue Ser97 of EIR1 is 
replaced with another amino acid. Three alleles, EIR1-S97G, EIR1-S97A and EIR1- 
10 S97E, were created and characterized, as described in Example 10. These alleles were 
expressed in diploid yeast strains, defective for the^e/7 gene, under the control of the 
ADH-promoter. The strains were tested in a filter assay carried out with either 5- 
fluoro-indole or 5-fluoro-indole acetic acid. The strains exhibited a hypersensitivity to 
these compounds. 

15 Also described herein is an assay for assessing agents (compounds and molecules) for 
their effects on auxin transport. As described in the examples, an assay is available in 
which auxin transport is assessed in yeast by measuring transport of detectably labeled 
(e.g., radiolabeled) auxin. This assay is useful to determine whether an agent inhibits 
or enhances the activity of EIR1 protein and, as a result, inhibits or enhances auxin 

20 transport. The auxin transport assay can be used for example to characterize EIR1 
alleles identified by their ability to confer an altered growth phenotype. For example, 
one would expect to find an increased auxin transport rate associated with an allele 
which confers significantly increased resistance of gefl yeast cells to fluoroindolics. 
The yeast cell-based overexpression model disclosed herein provides a functional assay 

25 useful for assessing structure/function relationships in isolated DNA molecules and 
mutated EIR1 sequences encoding auxin transport proteins and their variants. In 
adition the yeast cell-based overexpression model can be used to identify an allele 
(mutant) of EIR1 which confers altered auxin-mediated responses in a plant. Briefly 
the overexpression assay comprises: introducing a mutated EIR1 nucleic acid into yeast 

30 cells, thereby producing transformed yeast cells; contacting the transformed yeast cells 
with a fluorinated indolic compound under assay conditions which favor the diffusion 
of the compound into the yeast cells; determining the growth phenotype of the cells; 
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and comparing the growth phenotype of the transformed cells to the growth phenotype 
of wild type cells, wherein detection of an altered growth phenotype in the transformed 
cells relative to the growth phenotype of wild type cells is indicative of a nucleic acid 
which is an allele that results in altered auxin-mediated responses in a plant. The 
5 altered growth phenotype observed in the overexpression assay can be either an 
increased tolerance or an increased sensitivity to concentrations of the fluorinated 
indolic compounds, relative to the sensitivity of wild type cells. Diploid yeast cells 
which are defective for the GEF1 gene, and therefore have an altered ion hemostasis 
are particularly useful for the establishment of an overexpression assay. The 

1 0 overexpression assay is useful, for example, to identify mutant nucleotide sequences, 
produced by random mutagenesis of wild-type DNA sequences encoding auxin 
transport proteins which exhibit altered growth phenotypes (either enhanced or 
decreased sensitivity) to fluorinated indolic compounds. Yeast strains exhibiting altered 
growth phenotypes (tolerance or increased sensitivity) comprise mutated DNA 

1 5 sequences which upon introduction into a transgenic plant will alter auxin homestasis 
and auxin-mediated responses such as growth, morphogenesis (lateral or adventitious 
root formation) and tropisms (gravitropism). The present invention also comprises 
transgenic plants comprising mutant EIR1 alleles identified in the yeast cell-based 
overexpression assay. 

20 The sequences (nucleotide and amino acid) and topology of EIR1, its homology to 
several bacterial carrier proteins and its function establish that EIR1 functions as a 
root-specific auxin transport (efflux) carrier protein involved in gravitropism 

The present invention is illustrated by the following examples, which are not intended 
to be limiting in any way. Further, all references referred to herein are expressly 

25 incorporated by reference. 

EXAMPLES 

METHODS AND MATERIALS 

The following methods and materials were used in the work described herein, 
particularly in the examples: 



30 



Plant Strains and Growth Conditions 
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Plants were grown aseptically on unsupplemented PNA (Plant Nutrient Agar) 
without sucrose. (Haughn, G.W. and C. Somerville, (1986) Afo/. Gen. Genet. 204: 430- 
434). Growth responses were tested by adding various supplements to the medium as 
indicated. Plates were wrapped in gas-permeable surgical tape and kept under 
5 continuos illumination. For gravitropic response experiments, plates were kept in a 
vertical position. For the "root waving assay" plates were kept at an angle of about 30 
degrees. Root elongation was assayed at 10-12 days after germination (DAG). 
Formation of lateral roots was compared by counting lateral roots on both wild type and 
mutant plants grown under conditions described herein. 

10 Seed stocks for eirl-1 and eto3-l were obtained from the Arabidopsis Biological 
Resource Center at OSU, Columbus, OH), ctrl-1 was a kind gift from J. Hua at 
Caltech, Pasadena, CA. agrl-52 was obtained from K. Okada, National Institute for 
Basic Biology, Okazaki, Japan. PIG4: :GUS was a kind gift from J. Normanly, 
University of Massachusetts, Amherst, MA. Transposon line B222 was obtained from 

1 5 DNA Plant Technology Coiporation, Oakland, CA. 

Inverse PGR Cloning and Structural Analysis of EIR1 

Genomic DNA was prepared according to a protocol from Quiagen. After grinding 
the frozen tissue, the resulting powder was incubated at 74°C for 20 minutes in lysis 
buffer (100 mM Tris/HCl pH 9.5, 1.4 M NaCl, 0.02 M EDTA, 2% CTAB, 1% PEG 

20 8000). After extraction with an equal amount of chloroform, DNA was precipitated 
with isopropanol. After resuspension in 1 M NaCl and treatment with RNase A, the 
DNA was loaded onto equilibrated Quiagen columns and purified according to the 
manufacturer's instructions. DNA extracted from the Ac line B222 and eirl-3 was 
digested with EcoRl and Bell. The ends of the DNA were made blunt with Klenow 

25 fragment. This DNA was religated and used for inverse PCR performed with 
oligonucleotides CCTCGGGTTCGAAATCG (SEQ ID NO.: 14) and 
GGGGAAGAACTAATGAAGTGTG (SEQ ID NO.: 15). After 40 cycles of 
amplification at 60°C annealing temperature, the products were separated on 1% 
agarose gels. A fragment specific for eirl-3 DNA was cloned into pGEMT (Promega) 

30 to give pGsacl and used for Southern hybridization on eirl-3 and wild type DNA. 
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Phage genomic and cDNA libraries of A. thaliana (Kieber, J.J., et al., (1993) Cell 72: 
427-441) were probed with pGsacl using standard techniques. (Ausubel, RM M et aL, 
(1987) Current Protocols in Molecular Biology*. John Wiley & Sons, Inc). Genomic 
clone >.5-3, which hybridized to pGsacl, was subcloned into pBluescriptll (Stratagene) 
5 to give pB5-3. The sequence of an EcoKL fragment approximately 8kb in length was 
determined on an ABI Automated DNA sequencer. For sequence analysis of eirl-1, 
the coding region of this allele and its corresponding wild type (Col-O) were amplified 
with PCR. The point mutation in eirl-1 was confirmed by subsequent PCR 
amplification of sequences covering the mutation. 
10 Two full-length cDNA clones subcloned into pBSII (pBc5-2 and pBc6-l) were 
completely sequenced. The rice EST (D25054) homologous to EIR1 was obtained 
from MAFF DNA Bank at the National Institute of Agrobiological Resources (NIAR), 
Japan. 

Sequence comparisons with Database entries were performed using Gapped BLAST 
1 5 and PSI-BLAST algorithms. (Altschul, S.F., et al., (1 997) Nucleic Acids Res. 25: 
3389-40.2) Multiple alignments and structural predictions were performed using the 
algorithms at BCM Search Launcher. 



Complementation of eirl-1 in Transgenic Plants 
An £a>RI fragment of the genomic clone pB5-3, which carries the entire coding 

20 region and more than 2kb of upstream sequences of the EIR1 gene was subcloned into 
pBIBhyg (Becker, D., (1990) Nucl Acids Res. 18: 203). The resulting T-DNA vector 
pBRL was transformed into Agrobacterium tumefaciens strain GV3101 via 
electroporation, and used for subsequent vacuum infiltration of eirl-1 plants. 
(Bechtold, N., etaL, (1993) C.R. Acad. Sci. Paris, Sciences de la vie/Life sciences 316: 

25 1 1 94- 1 199) Correct integration of the full-length transgene was confirmed on Southern 
blots. 

RNA Template-Specific Polymerase Chain Reaction (RS-PCR) 

For expression analysis, total RNA from tissue of sterile grown plants was isolated. 
(Niyogi, K.K. and G.R. Fink, (1992) Plant Cell. 4: 721-33) Vegetative tissue isolated 
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from plants 15 DAG was used. Flower-specific RNA was isolated at approximately 20 
DAG and silique-specific RNA at about 25 DAG. polyA + RNA was isolated with the 
polyATract kit from Promega. About 50 ng of polyA r RNA of each tissue was used for 
RNA Template-Specific PCR (RS-PCR). 
5 RS-PCR with slight modifications was performed as described by (Shuldiner, A.R., et 
al. 9 (1993) In: Methods in Molecular Biology: PCR Protocols: Current Methods and 
Applications Human Press Inc. Totowa, NJ). Oligonucleotides 
GAACATCGATGACCAAGCTTAGGTATCGATA GCCCCACGGAACTCAAA 
(SEQ ID NO.: 16) (underlined bases are complementary to nucleotides 454 to 470 of 

10 the EIR1 coding region) and CTTATACGGATATCCTGGCAATTCGGACT TGTTAG 
CTTTAflQGTTAA (SEQ ID NO.: 17 (underlined bases are complementary to 
nucleotides 335 to 351 of ACT2 coding region) were added to polyA + RNA to a final 
concentration of 2 fiM in a volume of 10 \il The tubes were placed at 65°C for 10 
minutes and allowed to cool down to 37°C. First strand cDNA synthesis was 

1 5 performed using Gibco BRL AMV Reverse Transcriptase. Primer pairs 

GAACATCGATGACC AAGCTTAGGTATCGATA (SEQ ID NO.: 18) and 
GGCAAAGACATGTACGATGT TTTAGCGG (SEQ ID NO.: 19) (bases 10 to 37 of 
EIR1 coding region) or CTTATACGGATATCCTGGCAATTCGGACTT (SEQ ID 
NO.: 20) and GTCTGTGACAATGGAACTGGAATG (SEQ ID NO.: 21) (bases 31 to 

20 54 of A CT2 coding region) were used in a standard PCR for 30 cycles with 40 seconds 
at 94°C, 40 seconds at 60°C and 1 minute at 72°C. For EIR1, 1/100 of this reaction 
was used for reamplification under the same conditions. 32 P-end labeled 
oligonucleotide GTGAAAAGAGCGTTAT CATCCATTCTAG (SEQ ID NO.: 22) 
(complementary to bases 292 to 319 of EIR1 coding region) allowed verification of the 
25 identity of the £7#/-specific band on a Southern blot. 

Preparation and Microscopic Analysis of Roots 

Whole plants were incubated twice in methanohglacial acetic acid (3:1) and rinsed 
several times in PBT (130 mM NaCl, 10 mM sodium phosphate pH 7.0, 0.1% Tween 
20). Roots were then mounted onto microscope slides into clearing solution (stock 
30 solution: 8 g chloralhydrate in 2.5 ml 20% glycerol). After 10 minutes, roots were 
viewed under a Zeiss microscope using Nomarski Optics. Dark field photographs of 
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live plants were made using a Wild M5-A microscope. These images were used for 
determination of root cell length. GUS stainings were performed as described. 
(Lehman, A., et ai, (1996) Cell 85: 183-94) Images were recorded on Kodak 
Ektachrome 160T film and processed using Adobe Photoshop, 

Complementation Analysis and Construction of Double Mutants 

For complementation analysis of the three putative eirl alleles, eirl-3/eirl-3 plants 
(eirl -3 still contains the Ac-donor T-DNA-construct conferring hygromycin resistance) 
were crossed into plants homozygous for either eirl-1 or wav6-52. 

Heterozygous Fl plants (eirl-3/wav6-52 and eirl-3/eirl-l) identified as 
resistant to hygromycin were defective in root gravitropism, giving evidence for the 
allelism of the three mutants analyzed. F2 plants derived from each of the Fl 
heterozygotes were all Eirl " whereas the hygromycin resistance marker segregated 
as a single, dominant locus. Double mutants (e.g. ein2-l/ein2-l eirl -1 /eirl -7) were 
derived from crosses of homozygous single mutant lines and scored for segregation 
in the F2 generation of the initial crosses. Double mutant candidates were 
backcrossed into their two parental single mutant lines and their genotype verified by 
complementation with parental testers. For eirl-1 alfl-1 double mutants, we used 
eirl -1 '/eirl -1 plants for pollination of alfl-1 7ALF1 heterozygotes. F2 seeds were 
scored for segregation of Eirl ~ and Alfl " phenotypes. The double mutant was 
verified by segregation of the aerial Alfl " phenotype in Eirl " F3 plants derived 
from the initial cross. 

Auxin Transport Assay 

Yeast strains transformed with pAD-EI and pAD4M (Luschnig et aL, 1998) 
were grown to an O.D. 600 of 0.8 to 0.9. Cells were pelleted and an aliquot 
25 corresponding to 15ml starting culture was washed in lOmM Na Citrate buffer 
pH 4.5. The pellet was resuspended in 1ml of lOmM Na Citrate (pH 4.5) 
supplemented with ImM IAA (final concentration) and 2.5 micro Ci ,4 C-IAA 
(Sigma). 

The cells were allowed to incorporate the tracer for 10 or 20 minutes. The cells were 
30 subsequently washed on MF-filters (Millipore) on a multifiltration unit, and 



10 
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resuspended in Synthetic Complete (SC)-medium adjusted to pH 4.0 with HC1. 
Aliquots of the suspension were dropped onto MF-filters and washed twice with SC- 
medium 

(pH 4.0). The dry filters were transferred into Scintilation Cocktail and radioactivity 
was determined in a Scintilation Counter. Each experiment was performed for at 
least 4 times. The radioactivity remaining in the cells is expressed as percentage of 
total radioactivity present in the washed pellet prior to the efflux assay. Each time 
point was determined by 3 parallel samples. For the experiments performed in the 
presence of glucose, 2% (w/v) glucose was added to the efflux buffer. Similarly, for 
assays performed in the presence of the protonophor CCCP 0.5mM (final 
concentration) of CCCP were added to the efflux buffer prior to the efflux 
experiment. 

Yeast Manipulations and Constructs 

All experiments were carried out in W303 (a/a ura3-l canl-100 leu2-3, 112 
trpl-1 his3-l 1, 75). Plasmid pRG52 was used for disruption of GEF1, For analysis 
of CLC-0 the vector PRS 1 024 was used (for more details, see Gaxiola, R.A., et al y 
(1998) Proc. Natl. Acad Set USA 95: 4046-4050). 

Yeast strains were grown over night at 30 °C in Synthetic Complete medium 
(SC) and approximately 2x1 0 6 cells were plated onto SC plates. Solutions of 
inhibitors used in the filter growth assays were spotted onto Schleicher & Schuell 
Filter Paper #740. After they dried, the filters were transferred onto the yeast plates, 
which then were incubated at 25%C in the dark for two to five days. After that, yeast 
growth was monitored and documented. 

For expression of EIR1 in S cerevisiae the insert of pBc5-2 was cloned into 
pAD4M (described in Ballester et al. 9 (1989) Cell, 59: 681-686) to give pAD-El . A 
frameshift mutation in EIR1 was obtained by filling in the internal Hindm site 
resulting in a nonsense mutation after codon 1 78 (plasmid pADEl-H). For 
construction of the HA-tagged version of EIR1, we used primers 
GGGTCTAGAGTACTCTACTACGTTCTTTTGGGGCTTT 
ACCCATACGATGGTCCTGAC (SEQ ID NO.: 23) and 

GGGTCTAGAGTCGACGCA CTGAGCAGCGTAAT (SEQ ID NO.: 24) for PCR 
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amplification of a fragment encoding 3 copies of the HA-epitope. The PCR product 
was ligated into pAD-El resulting in pAD-EIHA coding for a protein with the 
3xHA-tag fused to the authentic C-terminus of EIR1 . Immunostaining of the tagged 
protein in haploid and diploid cells was performed as described by Gaxiola, R. A., et 
5 al, (1998) Proa Natl Acad. Set USA 95: 4046-4050. Cells were viewed by using 
charge-coupled device microscopy and sectioned by using SCANALYTICS 
(Billerica, MA). 

EXAMPLE 1 
Isolation and phenotypic characterization of eirl-3 

10 An agravitropic mutant (e.g., a plant whose roots do not respond to 

gravistimulation) was isolated from the Ac transposon pool B222-24 (Keller, J., et 
al, (1992) Genetics, 131: 449-59). This agravitropism segregated as if it resulted 
from a mutation in a single gene. A comparison of DNA isolated from the mutant 
transposon-tagged line B222-24 with the untransposed parental line B222 on 

1 5 Southern blots revealed that the mutant contained an additional copy of the 
transposon. This extra Ac element cosegregated with the mutant phenotype, 
suggesting that the mutation, designated eirl-3 was caused by the insertion of the 
transposon element. 

This agravitropic mutation, eirl-3, is allelic to two previously described 

20 mutations, wav6-52 (allelic with agrl), which was isolated as an agravitrophic 

mutant (Bell, CJ. and P.E. Maher, (1990) Mol Gen. Genet 220:289-293) and eirl-1 
, which was isolated as an ethylene insensitive mutant (Roman, G., et al, (1995) 
Genetics. 139: 1393-1409). The new mutation, eirl-3, fails to complement wav6-52, 
and eirl-1 showing that all three are alleles of EIRL All three mutants have similar 

25 phenotypes with the severity of the mutant phenotype in the order eirl-3 = eirl-1 > 
wav6-52. 

eirl mutant roots do not respond to gravity when germinated and grown on 
agar plates oriented vertically. Instead, eirl roots grow in random directions, 
whereas EIR1 roots grow downward. If the seedlings are reoriented so that the roots 
30 are now parallel to the surface of the earth, after 24 hours, the roots of wild type 

reorient downward (roughly 90%), whereas roots of eirl fail to reorient their growth. 
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These severe defects in gravitropism appear to be restricted to the root, as the 
hypocotyl in all three eirl mutant strains tested, still reorients when germinated in 
the dark. In another assay, seedlings were kept on 2% agar plates that were tilted 
vertically at an angle of less than 90". Under these conditions, EIR1 roots do not 
5 penetrate the agar but grow on the surface in a wavy pattern, that is caused by 

reversible turns of the root tip. (Okada, K. and Y. Shimura (1990) Science 250: 274- 
276) By contrast, eirl roots exhibit a roughly linear growth pattern interrupted by 
random turns. When wild type seeds are germinated on plates whose surface is 
parallel to the surface of the earth, they enter the agar and form a characteristic array 

10 of almost concentric curls. (Garbers, C, et al. 9 (1996) Arabidopsis. EMBO J. 15: 

2215-2124) However, eirl mutant roots failed to curl on the bottom of the plate and 
grew out in irregular patterns. 

Root growth of eirl mutant plants is less sensitive to ethylene than that of the 
wild type, suggesting an involvement of ethylene in the regulation of root tropic 

15 responses, eirl roots have a phenotype that is similar to EIR1 roots grown in the 
presence of NPA and TIB A, inhibitors of auxin transport that block cell elongation 
(Sussman, MR. and M.H.M. Goldsmith, (1981) Planta 152: 13-18). Moreover, eirl 
root elongation was much more resistant than EIR1 to NPA and TIBA (Figures 1 A - 
1C). By contrast, these auxin transport inhibitors inhibit lateral root formation to the 

20 same extent in both wild type and eirl mutants. Also, eirl root growth is more 
resistant than wild type to 1-aminocyclopropane-l-carboxylic acid (ACC), the 
immediate biosynthetic precursor of the growth regulator ethylene (Figure 1 A). 
However, the root growth inhibition of eirl mutants is no different from EIR1 with 
respect to other growth regulators (abscissic acid, gibberellic acid, kinetin), the 

25 auxin-analogue NAA (-napthaleneacetic acid) (Figure 1C), and 2,4-D (2,4-dichloro- 
phenoxyacetic acid). 

The eirl mutants have longer roots than wild type plants (Table 1), which 
could be due to an increased rate of cell division and/or to greater elongation of 
individual root cells. Direct measurement showed that eirl -3 root cells were longer 

30 than wild type cells (Table 1). However, it is possible that increased cell division 
contributes to the increased length as well. 
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Table 1 Root Growth and Cell Elongation 



5 

Strain average root length 3 average cell length b 



Ws 79 ±7 102.9 ±12.4 

10 eirl-3 97 ±11 135.9 ±15.3 



a Length of primary roots was determined at approximately 12 DAG; 
b Elongation of 3 5-40 young trichoblasts was determined on images. Root lengths 
15 are 

indicated in mm, cell length in \im. 



EXAMPLE 2 

20 Cloning of EIR1 

The eirl-3 allele was cloned using an inverse Polymerase Chain Reaction 
(PCR) approach. A 600 bp fragment amplified from eirl-3 DNA hybridized to the 
additional band caused by the Ac transposon element insert in eirl-3. This 
subcloned fragment was used to screen an A. thaliana genomic phage library. Three 

25 genomic clones of the putative EIR1 gene (A5-3, A6-1 and A6-3) had the same 
restriction pattern. The subcloned insert of A5-3 was used for screening cDNA 
libraries. Eight hybridizing phage clones were isolated from approximately 5xl0 5 
plaques screened. These clones all show similar restriction patterns. Two inserts of 
approximately 2.2 kb were completely sequenced. The largest cDNA clone 

30 contained a continuous Open Reading Frame (ORF) starting 29 bp downstream of its 
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5' end. Comparison of the cDNA with the genomic clone revealed that the ORF is 
split into 9 exons coding for a predicted protein of 69.3 kDa. 

The Ac insertion in eirl-3 is located after codon 1 13 in exon 2 (Figure 2). The 
insertion is flanked by a perfect 8 bp direct repeat and probably results in a null allele 
5 of the affected gene. Results showed that eirl-1 (as compared with the progenitor 
Columbia wild type) contains a transition mutation at the intron 5/exon 6 border that 
replaces the absolutely conserved G at splice position -1. (Brown, J.W.S., (1996) 
Plant J. 10: 771-780) The eirl-1 mutation presumably results in a truncated EEEU 
protein that would lack a conserved portion of the molecule (Figure 2). 

10 To determine whether the cloned segment was the EIR1 gene, eirl-1 was 

transformed with the putative EIR1 ORF and more than 2kb of upstream sequences. 
All five independent hygromycin-resistant transformants of eirl-1 tested had a root 
growth phenotype typical of wild type. Therefore, the defects of the eirl-1 mutant 
were complemented by the genomic fragment. No other large ORFs were present on 

15 the genomic fragment used in the transformation. Therefore, the open reading frame 
has been designated as the coding region of EIRL 

Isolation of eirl-3 a new transposon-tagged allele of EIR1, permitted the 
cloning and characterization of both the mutant and wild type genes. Sequence 
analysis shows that eirl-3 is an Ac insertion in the second of nine exons and eirl-1 

20 is a base substitution at a conserved splice site junction. Both of these mutations are 
likely to be null alleles because they should result in completely defective proteins. 
Expression oiEIRl appears to be restricted to the root, which is consistent with the 
finding that all of the eirl mutant phenotypes, the most striking of which is 
gravitropism, affect the root and not other parts of the plant. 

25 The amino acid sequence of EIR1 is consistent with a role for this protein in 

transport of IAA. EIR1 is predicted to be an integral membrane protein. The 
presence of potential N-glycosylation sites and a potential N-terminal signal peptide 
indicates localization in the plasma membrane. EIR1 also has similarities to several 
membrane proteins involved in translocation of a variety of different substances 

30 across the plasma membrane. The transporters related to EIR1 are diverse in their 
substrate specificity and translocate amino acids, heavy metals, antibiotics, and 
dicarboxylic acids. 
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Perhaps the most compelling evidence that EIR1 plays a role in transport is 
that expression of EIR1 in S. cerevisiae confers increased resistance to fluorinated 
analogues of indolic compounds. The resistance phenotypes are strongest in the gefl 
mutant, which has increased sensitivity to various compounds probably as a result of 
altered ion homeostasis (Gaxiola, R.A., et al., (1998) Proc. Natl. Acad. ScL USA 95: 
4046-4050). Resistance to these indoles is completely dependent upon a functional 
EIR1 gene product as neither ClC-0 nor a mutated version of EIR1 were capable of 
restoring yeast growth in the presence of fluorinated indolic compounds. 

The EIR1 protein could prevent the inhibition of yeast by these compounds 
either by preventing their uptake or facilitating their efflux from the cytosoL The 
preferential localization of EIR1 in the plasma membrane of yeast is consistent with 
either of these mechanisms. 



EXAMPLE 3 

EIR1, a Highly Conserved Plant Gene Family with Similarities to Bacterial 

15 Transporters 

Several lines of evidence suggest that EIR1 belongs to a highly conserved 
gene family. Arabidopsis has several genes with considerable homology to EIR. In 
addition to several Arabidopsis ESTs (Genbank accession numbers: T04468, 
T43636, R84151, and Z38079), similar ORFs were found in database entries of the 

20 Arabidopsis Genome Initiative. Two close relatives dubbed AEH1 and AEH2 (for 
Arabidopsis EIR1 Homologue) were located on clones T26J12 and MKQ4 on 
chromosome 1 and 5 respectively. These relatives probably account for the extra 
restriction fragments that hybridize to the EIR1 probe under conditions of high 
stringency. A related rice EST (accession number: D25054), which is derived from 

25 root-specific cDNA, was identified and sequenced (Figure 3). No other closely 
related sequences could be found outside the plant kingdom, suggesting that EIR1 
and its homologues represent a family of genes unique to higher plants. 

Alignment of the deduced amino acid sequences of E1R1, AEH1 9 AEH2, and 
REH1 (Rice EIR1 Homologue) revealed that the regions of identity are restricted to 

30 the 
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N- and C-termini (Figure 3). Hydropathy plots and topology predictions identified 
1 0 potential transmembrane domains shared by the 4 members of the gene family. 
The predicted EIR1 gene product comprises 647 amino acids and includes ten 
potential transmembrane domains flanking a central region enriched for hydrophilic 
5 amino acids. The predicted REH1 gene product comprises 595 amino acids and 
similarly comprises ten potential transmembrane domains flanking a central region 
which is predominantly hydrophilic. The transmembrane domains are located in the 
highly conserved portions of the proteins - 5 at the N-terminus and 5 at the C- 
terminus (Figure 4). 

10 The internal segments of the protein, though less conserved in sequence than 

the putative membrane spanning domains, exhibits a number of similarities. The 
central hydrophilic segments have a remarkably high content of serine and proline. 
EIR1 possesses a number of potential N-glycosylation sites, two of which are also 
found in REH1 and AEH1 (Figure 3). EIR1 has no ER-retention signal but does have 

1 5 a potential N-terminal signal peptide (von Heijne, G., ( 1 986) Nucleic Acids Res. 14: 
4683-4690), which likely allows the protein to transit the secretory pathway to the 
plasma membrane. The open reading frame (ORF) of the EIR1 cDNA (SEQ ED NO.: 
12) comprises nucleotides 19-1962 (Figure 6); the ORF of the REH1 cDNA (SEQ ID 
NO.: 13) comprises nucleotides 158-1945 (Figure 8). 

20 The two hydrophobic portions of EIR1 show restricted similarity to a number 

of bacterial membrane proteins (Figure 4). The mdcF (U95087) protein is a potential 
malonate transporter from Klebsiella pneumoniae (Hoenke, S. et al. 9 (1997) Eur. J. 
Biochem. 246: 530-538), whereas livM (P22729) is involved in high affinity uptake 
of leucine into Escherichia coli (Adams, M.D., et aL, (1990) J. Biol. Chem. 265: 

25 11436-11443). 

Particularly noteworthy is the similarity of EIR1 to the class of efflux carriers 
that remove toxic compounds from the interior of the cell. For example, E.coli arsB 
(P37310) represents a part of the arsenic efflux system. (Diorio, C, et al. 9 (1995) J. 
Bacteriol. 177: 2050-2056). sbmA (X54153), another integral membrane protein of 

30 £. coli, has been shown to be necessary for uptake of the antibiotic Microcin 25 

(Salomon, R.A. and R.N. Farias, (1995) J. Bacteriol. 177: 3323-3325). Portions of 
EER1 show 35-40% similarity to these proteins. The finding that the N- and the C- 
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terminus of EIR1 exhibit similarities to the corresponding parts of bacterial 
transporters indicates that EIR1 is a membrane protein with a related function. 

EXAMPLE 4 

EIR1 Affects the Root-specific Response to Endogenous Ethylene 
5 The reduced sensitivity of eirl roots to inhibition by ethylene suggested that 

EIR1 might be a gene involved in regulation of ethylene responses specific to the 
root. In order to test this hypothesis, the response of the entire eirl mutant plant to 
endogenous ethylene was examined by constructing double mutants of eirl with eto3 
and ctrL eto3 causes overproduction of ethylene, giving rise to the typical triple 

10 response (the hypocotyl of plants germinated in the dark remains short, undergoes 

radial swelling and apical hook formation is exaggerated). Mutations in the Raf-like 
protein kinase CTR1 phenocopy the ethylene-grown phenotype without elevating 
endogenous ethylene concentrations, suggesting that CTR1 acts as a negative 
regulator of ethylene signal transduction (Kieber, J.J., et al y (1993) Cell 72: Ml- 

15 441). 

The double mutants eirl-3leto3-l and eirl-3/cirl-l were germinated both in 
the dark and under constant illumination. Dark germinated plants still undergo the 
triple response, indicating that the eirl mutation has no influence on germination and 
early development of the aerial parts of the seedling . However, the inhibition of root 
20 elongation caused by eto3 and Ctrl mutations is considerably reduced in the double 
mutants. 

These results suggest that reduced ethylene sensitivity of the eirl mutant is 
completely restricted to the root. Moreover, the phenotype is not caused by a block 
in biosynthesis or transport of ethylene because eirl -3 bypasses the root phenotypes 
25 of ctrl-1, a mutation thought to be constitutive for the transduction of the ethylene 
signal. 

Gravitropism, the curvature of the root in response to gravity, results from 
greater elongation of the upper side of the root than the lower side. Differential root 
elongation has been postulated to arise as the consequence of a gravity-induced auxin 
30 gradient with more auxin on the lower than the upper side (Kaufman, P.B., et aL, 
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(1995) In Plant Hormones Kluwer Academic Publishers, Dordrecht, Boston, 
London). The factors responsible for creating the auxin gradient are not known. 

The simplest model to explain the phenotypes of the eirl mutant is that EIR1 
is required for efflux of auxin from the cells of the root tip into the elongation zone. 
5 If the root is oriented so that there is an increase in the auxin concentration on one 
side of the root tip, then EIR1 would pump auxin into the adjacent elongation zone 
with the concomitant inhibition of cell elongation. In eirl mutants the increased 
auxin in the lower portion of the root tip would fail to be transported into the 
elongation zone, and there would be no differential elongation. The predicted 

10 phenotypes of such a defect agree with those observed for an eirl mutation. The root 
should be agravitropic, and longer overall than an EIR1 root. Furthermore, as 
described herein, increased levels of internal auxin should fail to inhibit the root or to 
induce root specific auxin inducible transcripts. The insensitivity of the eirl root to 
ethylene can be reconciled with the model if ethylene inhibits root growth by 

15 increasing the internal auxin concentrations (Suttle, J.C., (1991) Plant Physiol 96: 
875-880). 

This model is also consistent with the response of eirl mutants to externally 
added auxins. If the eirl block were not in efflux, but rather in uptake of auxin, as 
has been proposed for auxl mutants (Bennett, M.J., et a/., (1996) Science 273: 948- 
20 50), then like the auxl mutants, the eirl mutants should be resistant to external 
auxin. However, the eirl mutants respond normally to external auxin. Root 
elongation is inhibited as in wild type, and induction of the j4/LL42-reporter construct 
appears to be unaffected. 

EXAMPLES 

25 EIR1 Expression is Localized to the Root 

RNA-specific-PCR (RS-PCR) was used to analyze EIR1 expression in the 
plant. Primers located on the 5 1 end of the EIRl-cDNA were used to amplify 
transcripts from reverse transcribed poly- A* RNA derived from roots, leaves, stems, 
flowers, and siliques. Primers for first strand cDNA synthesis were chimeric, having 

30 a 5' extension with no complementary sequences in the Arabidopsis genome. This 
sequence extension was used for subsequent PCR to avoid contamination. Genomic 
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DNA from ecotype Col-0 served as a negative control. Results revealed a specific 
RS-PCR product in the root, but not in any other tissues. The root-specificity of 
EIR1 -expression correlates well with the root-specific alterations detected in eirl 
mutants, suggesting that these defects are likely to be a consequence of the absence 
5 of EIR1 function in the roots. 

EXAMPLE 6 

EIR1 Function is Required for Auxin Homeostasis in Root Cells 
The involvement of EIR1 in root-specific auxin distribution was tested by 
analysis of the expression pattern of an auxin inducible gene, AtIAA2, The 

10 expression of AtIAA2 has been shown to be strongly induced within a few minutes 
after exposure to auxin (Abel, S., et al., (1996) BioEssays. 18: 647-654) The AtIAA2 
expression pattern was visualized using a reporter construct, PIG4::GUS 9 a transgene 
expressing p-glucuronidase under control of the AtIAA2-promoter. AttIAA2 
expression is strongest in the root meristem in wild type and eirl -3. When wild type 

1 5 is gravistimulated, expression of AtIAA2 extends into the elongation and 

differentiation zone. Moreover, the expression is asymmetric with the lower portion 
of the elongation zone showing more intense staining than the upper. This 
asymmetric staining suggests that the lower portion of the elongation zone has 
elevated auxin levels as compared with the upper level. By contrast, reporter 

20 expression in eirl-3 does not respond to the gravistimulus and remains restricted to 
the root tip. 

The eirl root is known to be less sensitive to ethylene and to have an 
increased resistance to synthetic auxin transport inhibitors. These phenotypes could 
be explained if ethylene, like auxin transport inhibitors, interferes with tissue 

25 distribution of auxin. The effect of exogenous auxin on PIG4::GUS was assessed. 
Expression of AUAA2 has been shown to be strongly induced within a few minutes 
after exposure to auxin (Abel, S., et al y (1995). JMol Biol 251: 533-49). In plants 
grown on regular medium, GUS staining is found in the root meristem and in the 
stele proximal to the root meristem. Addition of NAA (an auxin analogue) to the 

30 medium induces reporter gene expression in both the root meristem and elongation 
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zone of the root tip in wild type and the eirl mutant. Therefore, eirl mutants retain 
their ability to respond to exogenous auxin. 

Plants (wild type and mutant) with the reporter responded quite differently to 
growth in ACC (the immediate biosynthetic precursor of ethylene) (1 ACC for 
5 24 hours). In wild type, the entire elongation and differentiation zone shows 

considerable GUS staining upon ACC treatment. Furthermore, expression of GUS in 
the cell division zone appeared to be enhanced. In striking contrast, eirl -3 mutant 
plant roots grown in ACC shows virtually no response in these tissues. Expression is 
restricted to the root tip at an intensity similar to that of plants grown in the absence 
10 ofACC. 

The results with the auxin transport inhibitor TIBA are similar to those 
obtained with exogenous ACC. The reporter construct is induced in wild type but 
the mutant has a very reduced response. As auxin is the only known endogenous 
inducer of AUAA2 (Abel, S., et al, (1996) BioEssays. 18: 647-654), ectopic 

15 expression of AtIAA2 in wild-type roots treated with auxin transport inhibitors should 
be a consequence of elevated auxin concentrations in those cells that express the 
reporter. Unaltered AtIAA2 expression in TIBA- and ACC-treated eirl -3 roots 
suggests that auxin concentrations in cells of the root elongation zone remain 
unaffected when treated with these compounds. 

20 The expression pattern of the auxin-inducible AOAA2:: GUS fusion in eirl -3 is 

consistent with a block in auxin transport in the roots of this mutant. In wild type 
and eirl -3 plants this reporter is expressed in root tips and at a low level in the 
younger parts of the vascular tissue. Wild type plants in the presence of ethylene, 
show increased expression of the reporter in the elongation zone, suggesting that 

25 these cells have an increased level of IAA. 

The expression of the auxin-inducible reporter upon gravistimulation supports 
and extends these results. In wild type the auxin reporter is expressed 
asymmetrically, with more intense GUS-staining localized to the lower side of the 
elongation zone. This distribution is consistent with a model that proposes an 

30 inhibitory role for auxin in the regulation of root cell elongation and differential 
inhibition as the basis for gravitropism. Consistent with this interpretation, the 
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agravitropic eirl -3 mutant grown under the same conditions fails to show differential 
staining or induction of the reporter in the elongation zone. 

The failure of cells in the elongation zone of eirl roots to respond to IAA 
could be a consequence either of a failure to synthesize or to redistribute this growth 
5 regulator in response to ethylene. The effect of the eirl mutation on the root 
phenotype of the alfl mutant supports the redistribution hypothesis. The alfl 
mutation results in an approximately ten-fold increase in the endogenous 
concentration of IAA (Boerjan, W., et aL, (1995) Plant Cell. 7: 1405-1419). The 
high auxin level enhances the formation of lateral and adventitious roots but, also 

10 inhibits root elongation. Primary root growth in the eirl alfl double mutant is not 
inhibited, showing that eirl suppresses the inhibitory effect of IAA on root 
elongation caused by the alfl mutation. However, eirl does not block the hyper- 
induction of lateral roots caused by alfl, showing that there are high levels of auxin 
in the root of the eirl alfl double mutant. 

1 5 These data are consistent with a model in which EIR1 functions in auxin 

homeostasis in the root and auxin distribution in the root elongation zone. Two 
directions of auxin transport have been suggested for roots (Estelle, M., (1996) Curr 
Biol. 6: 1589-91): acropetal transport in the central cylinder from the base to the tip 
of the root and basipetal transport from the root tip to the elongation zone. If the 

20 inhibition of root growth in the alfl-1 mutant results from the inhibition of cell 

expansion by excess auxin in the cells of the elongation zone, then the suppression of 
alfl by eirl is a consequence of eirl 's defect in basipetal auxin transport into the 
elongation zone. 

The root phenotype of eto3 and Ctrl, like that of the alfl mutant, is also 
25 suppressed by eirl. In both mutants the entire plant exhibits a strong ethylene 

response. eto3 causes ethylene overproduction, whereas Ctrl is probably a negative 
regulator of the ethylene response because ctr\ strains act as if they were in the 
presence of high ethylene although they do not have elevated ethylene concentrations 
(Kieber, J.J., et al 9 (1993) Cell. 72: 427-441). The eirl mutant partially suppresses 
30 the ctrl phenotypes suggesting that EIR1 acts either downstream of ET03 and CTR1 
or in a pathway parallel to that in which ET03 and CTR1 function (Roman, G., et 
al., (1995) Genetics. 139: 1393-1409). 
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The decreased sensitivity of the eirl root to the inhibitory effects of ethylene 
as well as to the synthetic auxin transport inhibitors TIB A and NPA suggests a 
connection between auxin and ethylene. This behavior is similar to that of the 
HOOKLESS1 (HLS1\ mutants of Arabidopsis (Lehman, A., et al, (1996) Cell 85: 
5 183-94). HLS1 is thought to control bending in the apical tip of the hypocotyl 

because hlsl mutants fail to form the apical hook during germination. Expression of 
the HLS1 gene and enhanced hook formation are induced by treatment of plants with 
ethylene, which causes differential cell elongation. Remarkably, wild type seedlings 
grown in the presence of NPA have the same effect on apical hook formation and 

10 tissue distribution of auxin-induced genes as does the hlsl mutant. Thus, auxin 

transport inhibitors phenocopy the hlsl mutant, which is defective in the response of 
the apical hook to ethylene. These observations led to the speculation (Lehman, A., 
et ah, (1996) Cell. 85: 183-94) that an ethylene response gene may control 
differential cell growth by regulating auxin activity or distribution. 

15 The growth characteristics of the eirl mutants also suggest a connection 

between auxin and ethylene. The eirl mutant root, like the apical hook of the hlsl 
mutant is less sensitive to both exogenous and endogenous ethylene. Growth of wild 
type in the presence of auxin transport inhibitors blocks apical hook formation and 
the negative gravitropic response of the root. Moreover, like his J the eirl roots are 

20 resistant to auxin transport inhibitors. In fact, this cross-resistance to both ethylene 
and auxin transport inhibitors is characteristic of mutants defective for auxin and 
ethylene responses (Fujita, H. and K. Syono, (1996) Plant Cell Physiol 37: 1094- 
1 101). This phenomenon probably represents an underlying mechanistic connection 
between the ethylene response and the auxin response, which is not yet understood. 
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EXAMPLE 7 

eirl Blocks the Inhibition of Root Growth Caused by High Endogenous Levels of 

Auxin 

UEIRI is responsible for the redistribution of endogenous auxin, then the eirl 
5 mutation should block the defects in strains producing high levels of auxin. The 

effect of endogenous auxin was examined in eirl-1 alfl-1 double mutants. The alfl 
mutation results in an enormously increased concentration of internal auxin, which 
leads to severe morphological alterations, which include the development of 
numerous short adventitious and lateral roots (Celenza, J.L., et a/., (1995) Genes 

10 Dev. 9\ 2131-2142; Boerjan, W. et a/., (1995) Plant Cell 7: 1405-1419). The short 
root phenotype is caused by inhibition of cell elongation. The eirl-1 mutation 
completely suppresses the short root phenotype caused by alfl-1, and retains the 
agravitropic phenotype, whereas the aerial portion of the eirl alfl double mutant 
resembles alfl. These results suggest that in the eirl/alfl double mutant elevated 

15 auxin levels do not reach the root elongation zone and that EIR1 is a tissue specific 
auxin transporter which is active in the root but not in the vascular tissue. 
Furthermore, the increased adventitious and lateral root formation, typical of alfl is 
not blocked by eirl -3 suggesting that eirl represents a root tip-specific suppressor of 
the elevated auxin concentrations present in alfl. 

20 EXAMPLE 8 

Auxin transport in Saccharomyces cerevisiae Expressing EIR1 
When auxin (IAA) is maintained under relatively acidic assay conditions 
(e.g., pH 4.0) it is protonated and thus capable of entering cells via diffusion across 
the plasma membrane. Once inside the cell the higher cytoplasmic pH acts as an ion- 

25 trap. IAAH dissociates and efflux of IAA-depends on anion transporters. We found 
that only in the absence of external carbon sources (compare Figures 10 A and B) 
there is a significant difference in the transport kinetics. Under these condiditions 
the ATP-requiring transporters of yeast are down as no new ATP is synthesized in 
the absence of an exogenous carbon source. However, yeast can maintain its 

30 intracellular (higher) pH for at least 30 minutes. This pH gradient is sufficient for 
EIR1 -mediated ,4 C-IAA transport as shown by the gefl and gefl EIR1 data (Figure 
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10B). Data resulting from the same experiment performed in the presence of the 
presence of the plasma-membrane specific protonophore CCCP demonstrates that 
under these under these conditions all differences in axuin transport activity between 
the EIR1 -expressing and the control strain are gone (g<?/7+CCCP; gefl EIR1+CCCP 
5 (Figure 10B)). Adding CCCP causes uptake of protons from the more acidic 

extracellular space into the cells. As a result the intracellular pH drops which gives 
rise to a protonation of IAA- . IAAH in turn can diffuse across the plasma membrane 
following a concentration gradient. 

EXAMPLE 9 

10 EIR1 in Saccharomyces cerevisiae Confers Increased Resistance to Flouroindolic 

Compounds 

The growth of yeast strains that overexpress a plasmid borne Arabidopsis 
EIR1 gene under the control of the ADH1 promoter was analyzed. Wild type yeast 
strains are only slightly sensitive to fluorinated indolic compounds such as 5-DL- 

15 fluoro-tryptophan or 5-fluoro-indole, toxic analogues of potential precursors of IAA 
(Bartel, B„ (1997) Plant Mol Biol 48: 51-66). However, strains, which carry the 
Agefl deletion (a mutant which alters ion homeostasis in yeast (Gaxiola, R.A., et al, 
(1998) Proc. Natl Acad. Set USA 95: 4046-4050)), are much more sensitive to 5- 
fluoro-indole, 5-fluorb-DL-tryptophan and 5-fluoro-indoleacetic acid. Remarkably, 

20 gefl strains that contain the EIR1 gene were much more resistant to these indolic 
compounds than isogenic gefl strains with only a vector. The increased resistance 
conferred by EIR1 can also be observed in wild type, but the effect is more subtle 
because of the greater intrinsic resistance of strains with a functional GEF1 gene. 
Expression of the EIR1 gene is required for this resistance because yeast 

25 strains containing a mutant form of the EIR1 gene (a frameshift in the EIR1 OF, 
plasmid pADEl-H) fail to show the increased resistance to fluoro-indoles. 
Moreover, this resistance is specific to these indolic compounds because strains 
carrying the EIR1 gene are no more resistant than controls to fluconazole, another 
inhibitor of yeast growth. In addition, the increased resistance is not simply the 

30 consequence of expression of a foreign transporter in yeast. Expression of the 
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Torpedo marmoraia chloride channel (C7C-0;, which suppresses many of the gefl 
defects, failed to confer increased resistance to indolic compounds. 

In order to localize the EIR1 protein in yeast, a functional, hemagglutinin 
(HA) epitope-tagged version of EJR1 was introduced into S. cerevisiae. Examination 
5 of immunodecorated yeast cells using charge-coupled microscopy localized the most 
intense staining of EIR1 to the plasma membrane. This membrane localization is 
consistent with a role for EIR1 in excluding compounds from the cell and, thereby, 
preventing the toxicity of the indolic compounds. 

EXAMPLE 10 

10 Creation and Characterization ofEIRl Alleles 

Site-specific mutagenesis was performed in order to replace the conserved 
residue Ser97 of EIR1 with other amino acids. Three alleles were made: EIR1- 
S97G, EIR1-S97A and EIR1-S97E. Table 2 shows a comparison of the nucleotide 
and the deduced amino acid sequence of EIR1 and the three negative alleles proximal 

15 to Serine 97. The affected amino acid residue is typed in bold letters, alterations in 
the nucleotide sequence are indicated as lower case letters. Mutations were 
introduced by site-directed mutagenesis. No other alterations in the nucleotide 
sequences could be detected. 



Table 2 EIR1 Ser97 mutants 



EIRl 


AGAGGAAGCCTA 
R G S L 


EIR1-S97G 


AGAGGAgGCCTA 
R G G L 


EIR1-S97A ! 


AGAGGAgcCCTA 
R GAL 


EIR1-S97E 


AGAGGAgagCTA 
R GEL 



Expression of these alleles under control of the ADH-promoter (pADEI/S97G, 
25 pADEI/S97A and pADEI/S97E) was performed in diploid yeast strains, defective for 
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the GEF1 gene (as described in Luschnig et al. 9 (1998) Genes and Dev., 12(14): 
2175-2187). When testing these strains in a filter assay performed with either 5- 
fluoro-indole or 5-fluoro-indole acetic acid, these strains exhibit a hypersensitivity 
towards these toxic compounds. Moreover, these phenotypes appear to be 
5 conditional, as there are no growth differences detectable between strains expressing 
either EIR1 or one of the mutant alleles grown in regular medium. However, 
addition of 5-fluoro-indole (final concentration: 200 jiM) to the liquid cultures, 
results in a reduced growth rate of yeast strains expressing the negative alleles. 

A comparison of an HA-tagged version of EIR1 (pADEI-HA, Luschnig et aL 9 

10 (1998) Genes and Dev., 12(14): 2175-2187) with an HA-tagged version of EIR1- 
S97G (pADEI/S97G-HA; a derivative of pADEI-HA in which an An Agel-Pmll 
DNA fragment of pADEI-HA was replaced with the same fragment from 
pADEI/S97G carrying the Serine to Glycine substitution) revealed that EIR1-S97G 
no longer localizes to the plasma membrane, but is enriched in intracellular vesicle- 

15 like structures. A possible consequence of protein retention within the cell would be 
an increased concentration of the toxic, indolic compounds which, in turn, would 
explain the hypersensitivity of yeast strains, expressing the negative alleles. 
Increased intracellular concentrations of these compounds could be mediated by 
either binding of Flouroindolic to the mutant EIR1 -protein or by increased uptake of 

20 the toxins into the vesicle-like structures. 

Results showed that Serine 97 is of critical importance for correct targeting of 
EIR1 in yeast. Expression of three different alleles EIR1-S97G, -S97E, as well as 
-S97A, results in a reversion of (loss of) the 5 fluoro-indole resistance phenotype 
observed upon expression of the wild type EIR1 protein, gefl strains transformed 

25 with the different alleles under control of the ADH promoter were plated and tested 
for their growth in a filter assay. There was a dramatic increase in the zone of 
inhibition of the Flouroindolic for all of the gefl transformants expressing one of the 
negative alleles. The growth delay caused by a replacement of Serine 97 does not 
interfere with yeast growth in the absence of Flouroindolic. The Growth curves of 

30 gefl strains transformed with either EIR1 or one of the Ser97 mutants in Synthetic 
Complete medium (SC) (Figure 1 1 A) or SC supplemented with 200 5-fluoro- 
indole (Figure 1 IB) indicates that although growth in unsupplemented medium is not 
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affected by the mutations; growth in the presence of 5-fluoro-indole is severely 
reduced in all three mutant strains. 

Immunodetection of hemagglutin (HA) epitope-tagged versions of EER1-HA 
and EIR1/S97G-HA, performed according to the method of Example 9, revealed that 
5 EIR1/S97G-HA does not localize to the plasma membrane, as does EIR1-HA, rather 
it is enriched in intracellular vesicle-like structures. 

While this invention has been particularly shown and described with 
references to preferred embodiments thereof, it will be understood by those skilled in 
the art that various changes in form and details may be made therein without 
10 departing from the spirit and scope of the invention as defined by the appended 
claims. 
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CLAIMS 

What is claimed is: 

1 . Isolated DNA encoding a protein involved in root-specific auxin transport, 
selected from the group consisting of: 
5 (a) DNA of SEQ ID NOS. : 1 1 , 1 2 or 1 3 or portions thereof which encode 

a functional root-specific auxin transport protein; 

(b) DNA which, due to the degeneracy of the genetic code, encodes a 
protein having an amino acid sequence of SEQ ID NOS.:l or 2; 

(c) DNA which hybridizes to DNA of (a) or (b) under high stringency 
10 conditions; 

(d) DNA which is sufficiently similar in sequence to DNA of (a), (b) or (c) 
to encode a root-specific protein involved in auxin transport; 

(e) DNA which encodes the amino acid sequence of SEQ ID NO. :2; and 

(f) isolated genomic DNA comprising DNA which encodes the amino 
15 acid sequence of SEQ ID NO.:2. 



2. Isolated DNA selected from the group consisting of: SEQ ID NO.: 5, SEQ ID 
NO.:6,SEQDDNO.:25and SEQIDNO.:26. 



A genetically engineered plant comprising heterologous DNA encoding a 
root- specific protein involved in auxin transport, wherein the genetically 
altered plant is more resistant to an herbicidal composition which comprises at 
least one chemical compound which is auxin, an auxin derivative, an auxin 
analogue, or an auxin transport inhibitor. 

The genetically engineered plant of Claim 3, wherein the heterologous DNA is 
selected from the group consisting of: 

(a) DNA of SEQ ID NOS.: 11, 12 or 13 or portions thereof which encode 
a functional root-specific auxin transport protein; 

(b) DNA which, due to the degeneracy of the genetic code, encodes a 
protein having an amino acid sequence of SEQ ID NOS.: 1 or 2; 
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(c) DNA which hybridizes to DNA of (a) or (b) under high stringency 
conditions; 

(d) DNA which, is sufficiently similar in sequence to DNA of (a), (b) or 
(c) to encode a root-specific protein involved in auxin transport; 

5 (e) DNA which encodes the amino acid sequence of SEQ ID NO.:2; and 

(f) isolated genomic DNA comprising DNA which encodes the amino 
acid sequence of SEQ ID NO.:2. 



5. The genetically engineered plant of Claim 4 which is a crop plant or a 
flowering plant. 

10 6. A method of enhancing transport of an auxin derivative or an auxin analogue 
in plant roots comprising introducing into a plant part, including a seed, a gene 
which encodes a root-specific auxin transport protein and growing the plant 
part or seed under conditions appropriate for production of a plant,' wherein 
the roots of the resulting plant contain the gene and express the encoded 

15 protein in sufficient quantity to enhance transport of auxin. 



7. A genetically engineered plant comprising a heterologous DNA encoding a 
root-specific protein involved in auxin transport, wherein the genetically 
engineered plant exhibits altered auxin homeostasis relative to the auxin 
homeostasis of a wild type plant. 

20 8. The genetically engineered plant according to Claim 7 wherein the 
heterologous DNA comprises isolated DNA selected from the group 
consisting of: 

(a) DNA of SEQ ID NOS.: 1 1 , 12 or 1 3 or portions thereof which encode 
a 

25 functional root-specific auxin transport protein; 

(b) DNA which, due to the degeneracy of the genetic code, encodes a 
protein having an amino acid sequence of SEQ ID NOS.:l or 2; 
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(c) DNA which hybridizes to DNA of (a) or (b) under high stringency 
conditions; 

(d) DNA which, is sufficiently similar in sequence to DNA of (a), (b) or 
(c) to encode a root-specific protein involved in auxin transport; 

5 (e) DNA which encodes the amino acid sequence of SEQ ID NO.:2; and 

(f) isolated genomic DNA comprising DNA which encodes the amino 
acid sequence of SEQ ID NO.:2. 

9. The genetically engineered plant according to Claim 8, wherein the altered 
auxin homeostasis results in an increased number of lateral or adventitious 
10 roots. 

A genetically engineered plant comprising isolated DNA according to Claim 1 
wherein the plant is characterized by an increased auxin transport rate relative 
to the auxin transport rate of a corresponding wild type plant. 

A method of identifying an allele of EIR1 which confers altered auxin- 
mediated responses in a plant, comprising the steps of: 

(a) introducing a mutated EIR1 nucleic acid into yeast cells under 
conditions in which the DNA is expressed,thereby producing 
transformed yeast cells; 

(b) contacting the transformed yeast cells of (a) with a fluorinated indolic 
compound under assay conditions which favor diffusion of the 
compound into the transformed yeast cells; 

(c) determining the growth phenotype of the cells of (b); and 

(d) comparing the growth phenotype of the transformed yeast cells to the 
growth phenotype of wild type cells 

wherein detection of an altered growth phenotype in the transformed cells 
relative to the growth phenotype in wild-type cells indicates that the mutant 
EIR1 nucleic acid is an allele of EIR1 which confers altered auxin-mediated 
responses in a plant. 
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The method of Claim 1 1 in which the yeast cell is a diploid yeast strain 
defective for the GEF1 gene. 

The method of Claim 12 wherein the fluorinated indolic compound is selected 
from the group consisting of: 5-DL-fluoro-tryptophan, 5-fluoro-indole and 5- 
fluoro-indolacetic acid. 

The method of Claim 12 wherein the altered growth phenotype associated 
with expression of the mutated EIR1 nucleotide sequence comprises tolerance 
to concentrations of a fluorinated indolic compound which are toxic to wild 
type cells. 

The method of Claim 12 wherein the altered growth phenotype associated 
with expression of the mutated EIR1 nucleotide sequence comprises 
increased 

sensitivity to concentrations of a fluorinated indolic compound which are not 
toxic to wild type cells. 

A transgenic plant comprising an allele of EIR1 DNA identified by the 
method of Claim 1 2 . 

Isolated or recombinantly produced root-specific protein involved in auxin 
transport and alleleic variants thereof. 

The protein of Claim 1 7 comprising an amino acid sequence selected from the 
group consistig of : SEQ ID NO.: 1 and SEQ ID NO.: 2. 

An expression vector comprising DNA selected from the group consisting of: 
SEQ ID NO.: 11, SEQ ID NO.: 12 and SEQ ID NO.: 13. 



20. 



A method of producing a transgenic plant characterized by altered auxin 
homeostasis comprising the steps of: 
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(a) introducing DNA encoding a root-specific auxin transport carrier 
protein into a plant cell under conditions in which the DNA is 
expressed, thereby producing a transformed plant cell; and 

(b) producing a transgenic plant from the transformed plant cell. 



5 21 . The method of Claim 20, wherein the DNA encoding a root-specific auxin 
transport carrier protein is selected from the group consisting of: 

(a) DNA of SEQ ID NO. : 1 1 , 1 2 or 1 3 or portions thereof which encode a 
functional root-specific auxin transport protein; 

(b) DNA which, due to the degeneracy of the genetic code, encodes a 
10 protein having an amino acid sequence of SEQ ID NOS.:l or 2; 

(c) DNA which hybridizes to DNA of (a) or (b) under high stringency 
conditions; 

(d) DNA which, is sufficiently similar in sequence to DNA of (a), (b) or 
(c) to encode a root-specific protein involved in auxin transport; 

15 (e) DNA which encodes the amino acid sequence of SEQ ID NO.:2; and 

(f) isolated genomic DNA comprising DNA which encodes the amino 
acid sequence of SEQ ID NO.:2. 
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j 10 \ 20 1 30 I 40 
1 CAAGTATGGC CCn.TTGA.TAr CAAA7A7AGT TCTG GC-CTCT 
101 ACTrGCTTGA TGATTSTCAT AATGACTGGT TC7C37ATG7 
201 GTA7A7GA7A TU^AACTCA ATJCATutTT TGLAAGGA7A 
301 TGATTGTCAA GTGATSGTCT TCAAGCT7AT AAACGATCCT 
401 CAAAACTTTC GCCT7AGA7A ATGAGATTCA GG~AGGGAGG 
501 AAAGCAAACT TCTTSATGAT GGTTCAAAAT TTC3AAA AGC 
601 CCG7ATAAAG GAAAG7TGCC GACGGGAAC7 C^TCTCTGG 
701 TCTACAAACC AGATCTCG7A ACCTTCACC7 TCTCTTTCTG 
801 CCCATAAGCG TGATCGGTT7 AAAACCATTC A^viu oi^ 
901 AGAGATTTGT AATCTGATTG CTTTTTACTT TTGTSCAGAG 
1001 AATCTTTCAA TAGTTECATC CTCl'V l'lATC A^-^TT 
1101 CTGAGATCAC TTATTAAAGS CTTTTATTCT TCTTCCTCTT 
1201 TTTTAAAGAG ATATAAGAAA TC3C3ATGAT CGTGTAGATG 
1201 ATACATATTG GAACTTCAAA AGAGA7TT7A GTGA7AATCT 
1401 C3TGA7AAA7 ACGTTAACAA TTGCAATATG AAGAAAA CAC 
1501 TG7AG7TAAT AATAAATCAT TAAGAGATT? TCGTTTAAAA 
1601 TAAAAATCAG ATGTTTACAC GG AACCSCAG ATCGC7CAGA 
1701 AGCTTACACA AAAATCCTT7 TTGTTTTCTT ATT AATAT AA 
1801 AAATTTG7AT TACAC3TACA AGTGGATCCA ASTATCTGAC 
1901 AATTTTACTT ACAAATAATG TTAGACCACG AGACAGAAGG 
2001 AGAAG7AATA AAGATAGAAG GAATATCTAG TA7CAAC3GA 
2101 ATTATTACTG TATTAGTA1T TGTCCATTCA C AAAATGv ^ 
2^01 TCt^TCTGTAG CTAAGCTTAG CTATAATTCA ATG7TTGAAC 
2201 TTCCTTGTCC ATAAATACGT TATTTCACAC CACATATACT 
2401 ATCACCGGCA AAGACATGTA CGATGTTTEA C C3GCT ATGG 
2501 CACCGGACCA ATGTTCCGGT ATAAACCGGT TCGTTGCGu- 
2S01 TTAC2ACTTC CTCGCTGCTG 
2701 ATCTATCTTC ATTAAGTGGA 
2801 GGCATTTAAC ACGGGTAAAT 
2901 TTATTTTZTA GGCGTTTAGC 
3001 GCTTAGGGCG ATG7ACGGAG 
3101 TTCCGTGGGG C7AACCTTCT 
32Q1 GTGAACCCCT CCAGGTATGA 
3301 ACTAGTTACG ACATGACTAC 
3401 AAAAATAATC T7CAAAG7GA 
3501 TTTCATTCTT 7TTGTACCGA TTG55TTATA 
3601 CGGAGATAGG AGACGACGGA AAGCTACACC 
3701 TAACTCGTCC ATGATAACGC C GCGAGCT TC 
3301 AATCAGACAC ATTTCTACGC AA7GTT7AAC 
3901 GAGATGTTTk CTCACTTCAC TCTTCTAAAC 
4001 CAGAACTATG AGTGGOG AAT TATACAACAA 
4101 TATAT7TIGC TTCTTTATM ATTTAAATAG 
4201 AGGT7TAAAA AflGTTTAAAA GTTAAGTAAA 
4301 TCGAAAACTC TTAGGTTTTT AAACTGATTA 
4401 GTTTTAAAAT AAAATTTTCT ATAATTTATG 
4S01 AAAAAGGAAA GTGGTGGC33 ACGAAGCGGT 
4601 TGTCGGAAGC CAACGCGAAG AATSCTATGA 
4701 TAAAGGTTTA T7AATC7CCA ACTTATTACA 
4801 AA7ATCGGTT CTAAGTTTTT TTTAT AGTTT 
4901 7T7CTATAAG T7ACTTTTTT GGTCSAAGAA 
5001 CAGCGATGCA GAATCTGATA GAGAACATG? 
5101 CAAAAAAGGT AGCGAC37GG AAGAC3GCGG 
5201 AGAAAACTCA TTCGAAACCC TAACAC7TAC 
5301 ATAACATAAC AATATATTTG GGCAATTGCT 
5401 GATAT7ATC7 GATGCTGGTC TTGGAATCGC 
5501 TAATTATTGA TACATATAGG TC7ATT7ATG 
5601 CTGGACCAGC CGTGA7CGCA GCGACGTCAA 
5701 ATATTTCAAT CTAACT7ACA G77TGATSTT 
5801 GCTSCTCTIC CTCAAGGAAT C3TTCCTTTT. 
5901 ATTTAATTTT CAT7CTTAAA CTT CATTT 7A 
6001 TTGATATTAT TTTTCACGGT 7A7AT7CSGA 
6101 ATTTGCAAAT AAAAGGOGAT AC3ACCCAAA 
6201 GTGTATGGGA CCATGCAATG TCGCATTAAT 
6301 GTGACrrrCT A GTTTTTGTA CATTTATTAA 
6401 ATGTTATTAA ATTAC ACTAA TAXTTCATCA 
6501 ACAATTCTTT ATTTTCTTTT GGATCAAATG 
6601 TGTAAAGTTA ATTA7GAACC T7ATTTTTTT 
6701 GAACAATCAA ACTTATAATA GAATT TAATT 
680X AAGAATTTGC GTCGAGAAAG AAACATTTCA 
6901 ACAAATTGTG C ATATCT AAC ATGTGTGAAT 

7001 TITTT K CGTTTGGATA ATTATGAGCC 

I 10 I 20 I 30 



50 



TTTTCAAATT 
CAATGTCAAC 
TACATA7GTT 
CTGGCTCTGT 
7TTACCACCG 
CACTTTGGTT 
GTGAAGATGT 
ACATAGAGAC 
AGT7AG7A7C 
3ACAA7TAAA 
ACAAAAATAC 
AAGTCTAGTA 
AACC7AATC7 
TCTACAGATA 
TAAACCAATC 
AAAAAAGAAA 
AGGAAGAAAA 
ACGAATCCCA 
CATC7ATATC 
7GCGGCTATA 



yiu^ 'i'C.ri G 
, TG^jACATAT 
' TCCATAATTC ' 
I AGAGC7GCGC 

TCGCSC 



' GCACATAAGG ' 
: CAAGAAGGAT < 
: TTAACAAAAA . 
' TAGGT7TCTT 
' TGCTACGGAT ' 
TCCATTAGGC 
7TCA7C3GTC 
i TAAGTT>ATT 
I TGCATGTCCA 
TTATTAAT.VT 
; TAATTATAAT 
, TTCTTCAAAT 
, AATTATGGAC 
T7TATTT 
TTAATTAAA7 



Z.XATTGTA1 



. GAAAGTCv 
CTAGTAATTC 
ACATTTTAGC 
GCCTAGAATG 

I TAACrtAATG 
CAGTTCGCGG 
GATGACCTTT 
GGGATTCCTT 
TATTCACGCA 
TCCGGTTTAA 
TGGTGGTTCG 
AAATCTCAC: 
GCAAGCAAAG 
GCGTGACGCC 
TAATAGTGGT 
ATATAAGAAT 
GAGTTCATCA 
TAGTTTTGGA 

gtgag rrccG 

GGC35AGTAG 
CCAGAGGTTC 

TTTtAAAGTT 
AGSTCATAAT 



CTATCATGGT 

? TTTG7AA 

SATGATAACG 
GTGCAGATCG 
AGAC GGCTGG 
TCATATGTTT 
TTTGCCTATG 
GAATTTAAIA 
ATCACATCGA 
AAGATCAAGT 
GGC3TAGAGA 
CTCCAAGCCC 
GAGAAGGTGA 
A-TGAATTTTT 
CGAT TCAGAT 
AATAATTTTG 
AAACAAAATA 
TCGTACCCAC 
GAGTAGGAGG 
TTCCACC3AT 
TATCATTACT 
TCAAAACTTA 
AAATTTAGTT 
AAAAGGGGAT 
ACGAAACAGC 



TGGTGCTTCA 
TTCAATTACT 
GTTCAAATTA 
TAAATCTATA 
ATTAGTACAA 
CTCGAAATTC 
GCCGCCTCAT 
TTTACTCCG7 



ATATTAGCrr ATGGTTCGGT 
CITT C CATTT CATCTCCTCC 
CGCTCTTTCA 
7GGGTATC3A 
CVTTCTCATG 
GCCTAACACG 
TGGTATACAT 
TTGACTCTGA 
TAACTCAAGT 
AGTTTTGTCT 
ATCAAGTTAT 
AATATGGATT 

rrcAAc 

, CGAGAGGC^A 
, GCTACGGCGG 

ATTTATTTTT 



AAAATCTAAT 
TTATAATCTC 
TAAATATAAC 
CAAAGAAGAT 
GATATTCAAA 
ATCGTCTCAA 
GGAAAAAGTA 
ACGGTGGTGG 
AATGATCCTr 
ATAATCTCTC 
AGCTTATTGG 

TTGGTAATGG 
TAA7GCTCTT 
TGTTATCTCT 
AAACTA GAAA 
5Au*»w»- • » 
TAACTATAGT 
TATCTTTCAT 
AAATCTCACG 



GTCACCGGTG 
' AACAAAATAA 
' TTAAATGTGA 
GGGTCAACGA 
TGTTCGTGTG 



TCTAGTCTCT TTG 



GATCATTTTA 
GTATAG 
; CAAAGATTAT 
7ATTCGAGGT 
ATG7TGGG77 
AAGAATATAA 
. TAAGATATTA 
! CTTTGCCTG7 
TTCAAACGA 
CATA7GATAG 
TGTGCAAGTA 
AAGTATTACT 
TCCAcATATA 
. TTATGAACGT 
TTAG7ATATA 
. CIAG7CTAGA 
GTGATCAAAC 
TATCGCTGAT 
I 50 



TGGGACAGG T I 
TTCCCTTCAT - 
TGCGTSCGGA • 
GAT 

CGTCCATCCT I 
AT7TJG3TAT7 
AACAC7AC7C ' 
AAAAGAATAA ' 
TCGAAAATT 
CAATTATTTA « 
AGATCGCGCA I 
ACCTTTTTAT ' 
AA7A7TC3GT ' 
CTTATCTG7C i 
CAATTGATTG ' 
Tl'JTC AACCA ; 

ceacs oe rgs . 

I 60 



AAGAA AGCAG 
TA.77TATT7T 
ATTATAAG7G 
7AA7AAT77A 

GTGGAGCAAG 
GAGT7CGAGT 
CCTCACGACA 
AGG AAAAATG 
TTTATTTGGT 
ATATTCATAC 
GGAAAG7CAC 
TAATTCTGAT 
AATAATAATG 
ATAATGAGTG 

rrrGGTScrr 

: GATGGC CGTA 
CGTTCAGGTG ATTAC7C7T7 
. 7AAGAATATA 7ATAATTGTA 
, AGTTATTTAA 
•A7AC AAAGT7ACAG AGATCTGCTA 
7TAAGTTATT 
7AATTCCAGG 
. TTATATGCAC 
77TA7C3A7G 

rrrrrc? 



' ATTT7GAAAT 
: AA7C7TCAC3 
GAGATGAACA 

ACC CTAAAGT TTC7ATTCC7 

TAAACTAArT 
! TG7GATAT7T 
! ACGAAGACGG 
: GGCG AG7G7G 
TTCTTTCA 



GAAAAAAGAC 
' C7ATAA77AA 
» G777Z « IwiA 

ATTAGATCTT 
' TTG7C77ATA 
, AGGTACTCGC 
( TATGAC7CG3 
, TAGTTGCTGA 
. AG7TTTTATG 
• G7 

I 80 



7A777ATG7T 
A77TTAATTC 
ACTATTTTTG 
TGATAAGTTT 
AAATAGAAAT 

\ 90 



I 100 

TTCTTCA 100 

» CTAGTAATAT 200 
1 GAAC7TCTCA 300 
. TTA7ATAATT 400 
j AC7TGCTATA 500 
i GATGAAGAAA 600 
: GTCCACAACA 700 
! CT7GATAATG 800 
i ATTGCCCATG 900 
i ACAAAGT77G 1000 
k AAGTTTAAAA 1100 
' 7CACGGTT7T 1200 
CATG7CTTCG 1300 
AA7CACG7GG 1400 
TGTCT TTS AC 1500 

CCGTC7CAAT 1700 
CTAAA77TAC 1000 
TGAAGCATTT 1900 

TCAGAC7GTA 2100 
7G7CCAACGA 2200 
GGAACnCAC 2300 
AATCAAAATG 2400 
GGGATATTCA 2500 
ATGCAATGAA 2600 
7ATGCACATA 2700 
ATAAGTACTT 2800 
7AT7G7GATA 2900 
GAATCCCATT 3000 
CTTGTrTGAG 3100 
CTTAATGGCC 3200 
ATGGGTAGTT 3300 
TTCAGAAGTC 3400 
CTAGT7GAAT 2500 
7AGACCGATG 3600 
GC3GAGGACT 3700 
77C7AG7777 3800 
GG7CCAGG7G 3900 
GAAGAGGAGG 4000 
T7TAAAAAAA 4100 
GGATATTATT 4200 
G7ATATCACT 4300 
A7AATG7AAT 4400 
7GGAGTCAAG 4500 
GCTTCTCCGS 4600 
AC C r C GCTAC 4700 
7A7AAAGCTC 4800 
7CC3TAC3GC 4900 
TT^GTGATCA SOOO 
CTTACATGGG 5100 
AATG G7T7GG 5200 
TCACAATCAT 5300 
GATCGATTTC S400 
TT777777GC 5500 
AGGTTCTTGA 5600 
AGTGTTATAT 5700 
TGTTTTGAAC 5800 
GT7ATAAAAT 5900 
AGC7AAAAAC 6000 
ATCAAAACGT 6100 
TCAGGCrTAC 6200 
ATGCATC7AC 6300 
GTCGT3AACC 6400 
AAATCTCCAT 6500 
77TG7TTG7A 5600 
GATGAGTAAA 5700 
GAGTGATACA 5800 
TGCGTTA7AG 6900 
TA7T7T7C7C 7000 
7072 

I 100 
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I 10 1 20 I 30 

1 CGSAAAArGT A^.TCV^.T GATCACCCGC 
Si GTGCCGCTAT ACG7TGCTA7 GA.TA.TTAGCC 
121 ACA.CCGGACC AATCTTCC3G TA7AAACCGG 
131 TCTTTCCATT TCATC7CC7C CAATGATCCT 
241 GATTCTCTTC AGAAAG7CGT TATCCTCGCC 
301 AGMGAAGCC TAKATGGA? GATAAC3CIC 
361 G7AATGGGAA TCCCATTGCT TAGGGCGATG 
421 CAGATCGTGG TGCTTCAGAG CA.TCATATGG 
431 CGIGGGGCTA AGCTTCTCAT CTCCGAGCAG 
541 TTCAGAGTTC- ACTCTGATGT TATCTCTCTT 
SOI GAGATAGGAG ACGACGGAAA GCTACACGTG 
661 ATGATCTCTT CATTCAACAA ATCTCAC3GC 
721 CGAGCTTCAA. ATCTCACCGG CG7AGAGATT 
781 CCGAGAGCTT CTAGCTTTAA TCAGACAGAT 
341 CCAAGCCCTC GTCACGGTTA CAC7AATAGC 
901 GATGTTTACT CACTTCAGTC TTCTAAAGGC 
961 GAAGTTATGA A3ACGGCGAA GAAAjGCAjGGA 
1021 TACAACAATA ATAGTGTTCC G7CG7ACCCA 
1081 AGTGGAGCAA G7GGAGTCAA. GAAAAAGGAA 
1141 GGAGTAGGAG GACAAAACAA GGAGATGAAC 
1201 GTGTCGGAAG CCAACGCGAA. GAATGC7ATG 
1261 GACCCTAAAG TTTC7ATTCC TCCTCACGAC 
1321 A7AGAGAACA TGTCACCGGG AAGAAAAGGG 
1381 GGGGGAAAGT CACCTTACAT GCX^AAAAA 
1441 CCTAGGAAAC AGCAGATGCC GCCGGCGAGT 
1501 TGGAGAAAAC TCATTCGAAA. CCC7AACAC7 
1551 C77G7CTCTT TOAGTGGAA TATAAAGATG 
1521 7TA7C7GA7G CTGGTGTTGG AATGGCTATG 
1581 CCAAAGATTA TTGCSTGCGG AAAATCAGTA 
1741 AC7GGACCAG CCGTGATCGC ACCCACCTCA 
1301 CATATC3CCA TC5TTCAGGC TGCTCTTCCT 
1861 GAATATAACG TCCATCCTGA TATTCTCAGC 
1921 TTGCCTGTAA CAG7AC7C7A CTACGTTCTT 
19S1 7TGCAAA7AA AAGGCGA.TAC GACGCAAAGG 
2041 ACAAGAACGA AAAAAGACTA ATTCCAGGTC 
2101 GCATTAA.TTA AATTATAGCA TATGATAGTC 
2151 ATATGCACAT GCATG7ACS? GACTTTG7AG 
! 10 ! 20 I 30 



i 40 ; 30 ; 60 

AAACACATG7 ACGA7G77T7 AGCGGCTA7G 50 
TA7GG7TCGG 7ACGGTC-G7G GGGGATATTC 120 
TTCG77GCGG 7TT7CGCGG7 TCCTCTTCTC 130 
TA7G2AA7GA ATTACCACTT CC7CGCTGC7 240 

GCAcrcrrrc tttggcaggc gtttagccgc 2co 

TTTTCACTAT CAACACTGCC TAACAOGTTG 360 
TACGGAGACT 7CTCCGG7AA CCTAA7GG7G 420 
TATAjCATTAA TGCTCTTCTT GTTTGAGTTC 480 
TTCCCGGAGA CGGCTGGTTC AATTACTTCC 540 
AATGGCCGTG AACCC27CCA GACCSATC-CG 600 
GTGGTTC3AA GATCAAGTGC CGCCTCATCA 660 
GGAGGACT7A ACTCC7CCA? GATAACGC CG 720 
TACTCCGTTC AATCG7CACG AGACCCGA2G 750 
TTCTACGCAA TG77TAACGC AAGCAAAGCT 340 . 
TACGGCGGCG C7GGAGC7GG TCGAGGTGGA 900 
GTGACGCCGA GAACGTCAAA. TTTTGATGAG 960 
AGAGGAGGCA GAAG7A7GAG 7GGGGAA77A 1020 
CCGCCGAACC CAATGTTCAC GGGGTCAACG 1080 
AGTGG7GGCG GAGGAAGCGG TGGCGdAGTA 1140 
ATGTTCGTGT GGAG77CGAG TGCTTCTCCG 1200 
ACCAGAGG7T C77CCAC2GA TGTATCCACG 1250 
AACC7CGC7A CTAAAGCGAT GCAGAATCTG 1320 
CATGTGGAAA TGGACGAAGA CGGTAATAAC 1380 
GG7AGCGACG TGGAAGACGG CGG7CGCGG7 1440 
GTGATGACGA GACTAA77C7 GATAATGC7T 1500 
TACTCTAG7C TCTTTGGCCT TGCTTGGTCC 1360 
CCAACGA.7AA TGAG7GGA7C GATTTCGATA. 1520 
TTTAGTCTTG G7CTATTTA.T GGCATTGCAA 1530 
GCAGGGTTTG CGATCGCCS7 AAGGT7CT7G 1740 
ATAGCAATTG GTATTCGAGG TGATCTCC7C 1800 
CAAGGAATCG TTCCTTTTGT TTTCGCCAAA. 1360 
ACTGCGGTTA TATTCGGAA7 GCTGGTTGCT 1920 
T7GGGGC777 AAG77A77AT CAAA.ACG7A7 1930 
TGATTTTTTT TOJ^ACGAAA AAGAATAA.77 2040 
AGGCTTAGGT GTATC-GGACG ATGCAATGTC 2100 
GAAAATTTAG ATAACT77G7 ATA.ATTAAT: 2150 
TTTTTGGCGG CCGC 2204 
! 40 1 50 ! 60 
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I 10 ! 20 i 30 

1 G7CGACCCAC GCS7CCSCAC ACCC^ATCAA 

. 6: ac-ctgagctg agctgtgaaa tactgggacc 

121 AGAGGAAGAG GACCAGGAGG GAAGAGGGGG 
131 CCACG7GATG ACGGCGATGG TGCCCTTCTA 
241 GAAG7GGTGG CGCATCTTCA CGCCGGACCA 
201 CTTCGCCGTG CCGCTGCTGT CGT7CCACTT 
361 CCTCGGGTTC ATC3CCGCCG ACACGCTGCA 
421 GTGGAGCCAC CIO.GCCGCC GGGGGAGCCT 
431 GACGCTGCCC AACACGGTCG TCATGGGGAT 
541 CJCC3GCSGC CTCATGGTGC AGATGGTCGT 
601 GGTCT7CATG TTCGAGTACC GCGGCC-CCCG 
6c 1 CGCGGCCAAC ATCGCCTCCA TCGTCG7CGA 
721 GGACGCCATC GAGACGGAGA CGGAGGTGAA 
731 CGGCTCCAAC GCGTCTCGC7 CGGACATCTA 
341 CACGGCGCGG CCGAGCAAGC TCACCAACGC 
901 CGCGACGCGG AGGGGTTCAA. GCTTCAACCA 
961 CTCGAACTTC 0GCZCZGCZ3 ACGCGT7C3G 
1021 CAACTACGAG GACGACGCGT CCAAGCCCAA. 

108 1 catggcgggc cactacccgg cgccsaaccc 
1141 q^j-.gc<:zc<:z acgaacgggc aggccaaggg 
1201 cagcgcgtcg ccccjtgtccg acgtcttcgg 
1261 ggcagtcaag tccccccgca aaatggfttgg 
1321 ggacgatttc agcttcc-gga acaggggcgt 
1381 gaaggcggcg gcggcggcgg gcgccoaccc 
1441 gccgccgacg agcgtgatga cccgcctcat 
1501 caacccgaac acctactcca gcctcatcgg 

IS 61 GAACTTGGAG ATGCCGGCCA TGGTCCTGAA 
1621 CC-CCATGGCC ATGT7CAGTC 7CGGTCTG7T 
1531 CGGGAACAAG GTGGCGACGT ACGCCATGGC 
1741 GGCGGOGGCG TCCTTCGCCG TCGGACTCCG 
1301 GGGAGGTCTG CCCGAGGGCA TTGTCCCCTT 
1861 TAGCATTCTC AGGACAGCTG TCATCTTTGG 
1921 CTACTACATC TTGCT7GGGC TGTAATCGAG 
1931 ACCAGCCATG TTAAGAAGAG GGGAGAAGAA 
2041 GGACT C TTT G ATTTTTCTTT TCTTTTCTG? 
2101 GATTGGAAGG GAjGTCAAACG AG7CAAGGGG 
2151 C-A.TGGTGAG TCACAAAAGA GCACCAAAAG 
2221 AGGA7CCAG7 TCiJGGTCACA GAAACGGT7C 
2231 TTGGCTGCGC TGCGCTGACC CTTGTAAAAC 
2341 GTTTTAAAAA AAAAAAAAAA ^J-^ZC^ZOO 
I 10 I 20 i 30 



I 40 50 ! 40 

ATGCTCCTCr 7CCGC2GCC7 CC7C7GGC7G 50 

GAGTGAGCG2 7GAGC7GAGC TGGAAGCAAG 120 

GGCGAAGATG A77ACGGCGG CGGAGTTCTA 130 

CG7GGCGA7G A7AC7GGCG7 ACGGG7CGG7 240 

G7GC7CCGGG A7CAA.CCGC7 7CG7GGCGC7 300 

CATC7CCACG AACAACCCG7 ACA.CGATGAA 260 

GAACC7GA7G G7GG7GGCCA TGCTCACGGC 420 

CGAGTGGACC A7CAC7-CTC7 TCTCGCTCTC 480 

CCCTTTGGTG AAGGGGATG7 ACGGGGAGTT 340 

GC7GCAGTGC A7CA7C7G37 AGACGGTGA.T 500 

GATGC7CATC ACCGAGGAG7 TCCCGGACAG 660 

CCCGGACG7C G7G7CGC7GG ACGCCAGGAG" 720 

GGAGGACGGC AC-GATACACG 7CACCG7GCG 730 

C7CGCGCCGC 7CGA7GGGC7 TCTCCAGCAG 240 

CGAGATC7AG TCGC7GCAG7 CG7CGGGGAA 900 

CAGCGACTTC TAC77CATGG TGGGCCGCAG 960 

CG7GCGCACC GZCZCZ^CZC CZ-CZ<:ZZZ?C 1020 

GTACCCGG7C I7GG2G7CGA ?ZZ£Z-C<:QCZ 10SC 

GGGCGTGTCG 7GGGCGGCCA AGGGCGG GAA 1140 

CGAGGACC7C CACA7G77CG TCTGGAGCTC 12 00 

CGGCGGCGCG CGAGAC7A.CA ACGACGGCGC 1250 

AGCGAAGGAC AGGGAGGACT ACGTGGAGCG 1220 

CATGGACAGG GACGCGGAC-G CAGGGGACGA 1380 

CAGCAAGGCC A7GGCGGCGC GGAGGGCGAT 1440 

CC7GATCA7G GTG7GGCGCA AGCTCA.TCCG 1500 

CG7CATCTGG TCCC7CG7C7 GC7TCAGGTG 1560 

ATCCATCTCG ATCGTGTCGG ACGGGGGGG7 1620 

CATGGGGC7G CAGCCGCAO. 7CA7CGGG7G 1530 

GG7GCGG77C CZGC-ZZZZZC CGGCCGTGAT 1740 

TGGCACGC7C C7GCACG7CG CCA.TTGTCCA 13 00 

CG7C7TGGCC ArGGAGTACA GGG7GCACGC 1360 

CATGCTCATC GCC77GCC7A TCACGCTCGT 1920 

TTGCATGGAT GTAAr.TTCGT GGTCCTGACA 1980 

GACVGAGCtG GTAC-.CTGTT TGCAAACTCA 2040 

A.TTTCTTGAA GTAG.-A.TTTG GGAGGAGGC-G 2100 

AGGACAGGAT GGTACCTAGG rTAC-CTAGGA 2150 

OAG7ACAAG TAC--AAGCTT ZC<i<^kC.\C 2220 

GC-rrrrGGGr. c-gggattgtg ggagttttgg 2230 

GC-ACGCGGAT TC7GACAA.GA GATCGACCT7 2340 

CCGG 2374 
1 40 30 S SO 



FIG. 8 
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